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INTRODUCTION 


Based  on  the  extremely  important  function  of  Hsp90  in  the  survival  and  proliferation  of  tumor 
cells,  the  therapy  focusing  on  Hsp90  inhibition  will  become  a  potentially  important  prostate 
cancer  treatment  strategy,  especially  for  refractory  prostate  cancers.  In  the  research  proposal,  we 
hypothesized  that  Hsp90  activity,  i.e.  the  amount  of  active  form  of  Hsp90,  is  the  main 
determining  factor  for  the  response  to  Hsp90  inhibition  therapy.  The  first  goal  is  to  develop 
probes  to  monitor  Hsp90  activity  non-invasively.  We  speculated  that  PET  imaging  with  suitably 
radiolabled  Hsp90  substrates  will  be  highly  valuable  in  assessing  Hsp90  activity  non-invasively 
and  repetitively.  The  major  objective  of  this  2-year  training  proposal  is  to  image  prostate  cancer 
Hsp90  activity  in  vivo. 

During  the  first  year  of  the  funding  period,  we  have  labeled  1,  3-propoyldiamine  modified 
geldanamycin  with  both  fluorescent  core  (FITC  in  this  case)  and  radioisotopes.  Unfortunately,  in 
vitro  cell  experiments  failed  to  disclose  the  ability  of  FITC-GM  to  monitor  Hsp90  activity 
changes  after  heat  stimulation  in  prostate  cancer  cell  lines.  The  emerging  literature  also  revealed 
that  highly  nonspecific  cellular  binding  is  the  main  barrier  for  the  hyperlipophilic  small 
molecules  including  GM.  Therefore,  we  switched  gears  to  monitor  Hsp90  activity  indirectly 
through  imaging  downstream  client  proteins  including  EGFR  and  HER2  expression  by  64Cu 
labeled  antibodies. 

The  assessment  of  early  response  to  anti-cancer  therapy  can  improve  patient  care  by  identifying 
patients  who  do  not  respond  and,  therefore,  may  not  benefit  from  the  therapy.  These  patients  can 
greatly  benefit  from  avoiding  unnecessary  toxic  side  effects  and  switching  to  different,  more 
effective  therapeutic  approaches  in  a  timely  manner.  Compared  to  2-deoxy-2-[F-18]fluoro- 
Dglucose  (FDG)-PET,  which  measured  the  tumor  glucose  metabolism,  PET  imaging  of  EGFR 
and  HER-2  expression  provided  more  accurate  information  for  early  tumor  response  to  Hsp90 
inhibitors  (17-AAG  or  17-DMAG)  treatment  in  both  prostate  and  ovarian  cancer  models.. 


BODY 


Part  I.  GM  derivatives  failed  to  detect  Hsp90  activity  changes 

Geldanamycin  (GM)  was  reacted  with  1,3-propoyldiamine  to  afford  17-trimethylenediamine-17- 
demthyoxygeldanamycin  (TD),  which  was  then  conjugated  with  activated  DOTA  ester  to  afford 
DOTA-TD)  for  64Cu  labeling.  Mice  bearing  human  glioma  U87MG  tumors  were  then  subjected 
to  microPET  scans  at  various  time  points  post- injection  (p.i.)  of  64Cu-DOTA-TD.  The  coronal 
slices  that  contain  the  tumor  are  shown  in  Fig.  1.  The  uptake  of  64Cu-DOTA-TD  into  U87MG 
tumor  was  rapid  and  high,  reaching  a  peak  at  18  h  p.i.  Liver  and  kidney  also  exhibited  relatively 
high  tracer  uptake.  The  uptake  in  most  other  organs  was  at  very  low  level.  The  uptake  in  the 
kidneys  dropped  steadily  over  time  (Fig.  1). 
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Fig.  1.  MicroPET  imaging  of  Hsp90  activity  by  64Cu-DOTA-TD  in  U87MG  tumor-bearing  nude  mice 
(arrow). 

After  this  initial  success  of  labeling  Hsp90  substrate  for  PET  imaging,  we  performed  in  vitro 
experiments  to  explore  whether  the  uptake  of  64Cu-DOTA-TD  is  related  to  Hsp90  protein  level 
and  Hsp90  ATPase  activity.  For  in  vitro  uptake  assay,  1  x  105  PC-3  cells  were  seeded  in  24-well 
plates  48  h  prior  to  uptake  assay.  In  the  stress  group,  cells  were  cultured  in  serum  free  medium 
(SFM)  for  24  h.  Then  18.5  kBq  of  64Cu-labeled  GM  was  added  to  each  well  in  0.5  ml  of  SFM.  At 
different  time  points  after  adding  64Cu-GM,  the  medium  was  removed  and  the  cells  were  washed 
twice  with  1  ml  of  ice-cold  PBS.  Finally  cells  from  each  well  were  collected  and  the 
radioactivity  (counts  per  minute)  was  measured  with  a  gamma  counter  (Cobra  II,  Packard,  USA). 
The  results  were  shown  in  Fig.  2.  The  accumulation  of  64Cu-DOTA-GM  increased  along  with 
time.  Compared  with  control  cells,  however,  the  stressed  PC-3  did  not  show  significantly  higher 
uptake  of  64Cu-DOTA-GM. 
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Fig.  2.  Uptake  assay  of  64Cu-GM  in  PC3  cells 

We  further  modified  GM  and  labeled  it  with  FITC  according  to  the  reaction  scheme  provided  in 
Fig.  3A.  We  then  stimulated  Hsp90  expression  and  activation  in  both  PC3  and  22RV1  cells  by 
heat  or  PMA.  Still,  we  did  not  observe  significant  difference  of  signal  intensity  visualized  by 
fluorescence  microscope  (Fig.  3B). 
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Fig.  3.  (A)  Synthesis  of  FITC-GM;  (B)  Monitoring  Hsp90  activity  with  FITC-GM  in  prostate  cancer  cell 
lines. 


We  concluded  from  above  experiments  that  it  might  be  difficult  to  image  Hsp90  activity  with 
GM  derivatives  due  to  its  hyperlipophicity  as  reported  by  Su  et  al.  (Eur  J  Nucl  Med  Mol 
Imaging.  2008;  35:1089-99).  Consequently,  we  pursued  indirect  imaging  of  Hsp90  activity  with 
64Cu-labeled  EGFR  antibody  instead  of  GM  derivatives. 


PART  II.  Non-invasive  PET  imaging  of  EGFR  degradation  induced  by  a  heat  shock 
protein  90  inhibitor 


After  being  treated  with  Hsp90  inhibitor,  the  downstream  client  proteins  such  as  EGFR,  HER2 
would  be  downregulated.  However,  HER-2  expression  is  typically  low  in  tumors  except  for 
breast  and  ovarian  tumors,  in  which  HER-2  imaging  has  only  limited  applications.  PC-3  cells 
had  low  HER-2  expression  and  17-AAG  treatment  induced  only  minimal  HER-2  degradation. 
Thus,  we  chose  to  image  EGFR  degradation  with  64Cu  labeled  cetuximab  (Erbitux;  C255; 
ImClone  and  Bristol-Myers  Squibb),  a  mouse-human  chimeric  IgGi  mAh  that  binds  with  high 
affinity  to  EGFR. 


Fig.  4.  (A)  MicroPET  images  of  PC-3  tumor-bearing  nude  mice  at  4  h  and  24  h  after  intravenous  injection 
of  64Cu-DOTA-cetuximab  with  or  without  17-AAG  treatment  (n  =  4/group).  Decay-corrected  whole-body 
coronal  images  that  contain  the  tumor  were  shown  and  the  tumors  are  indicated  by  white  arrows.  (B)  PC- 
3  tumor  uptake  of  64Cu-DOTA-cetuximab  as  quantified  from  microPET  scans  (n  =  4/group).  *,  P  <  0.05. 


64Cu-DOTA-cetuximab  was  determined  to  have  21.5  ±  2.2  DOTA  residues  per  cetuximab  and 
control  human  IgGi  had  24.08  ±0.42  DOTA  residues  (n  =  4).  The  specific  activity  of  64Cu- 
DOTA-cetuximab  was  1.24  ±  0.13  GBq/mg  mAb  and  the  radiolabeling  yield  was  84.0  ±  8.7%  (n 
=  5).  There  was  minimal  reduction  in  the  immunoreactivity  of  cetuximab  after  DOTA 
conjugation.  After  being  treated  with  17-AAG  for  24  h,  the  PC-3  tumor  uptake  of  64Cu-DOTA- 
cetuximab  was  much  lower  in  both  early  and  late  time  points  as  compared  with  the  untreated 
group  (Fig.  4A).  In  untreated  mice,  the  PC-3  tumor  uptake  of  64Cu-DOTA-cetuximab  was  5.8  ± 
1.7  %ID/g  and  14.6  ±  2.6  %ID/g  at  4  and  24  h  p.i.,  respectively.  The  uptake  in  17-AAG  treated 
tumors  was  significantly  lower,  3.3  ±  0.3  %ID/g  and  8.9  ±1.6  %ID/g  at  4  and  24  h  p.i. 
respectively  (P  <  0.05  at  both  time  points;  n  =  4)  (Fig.  4B).  There  were  no  significant  differences 
of  64Cu-DOTA-cetuximab  uptake  in  other  major  organs  between  the  17-AAG  treated  group  and 
untreated  animals. 


After  microPET  imaging  at  24  h  p.i.,  the  animals  were  sacrificed  for  biodistribution  studies  and 
the  results  were  shown  in  Fig.  5.  The  untreated  PC-3  tumor  had  a  high  tracer  uptake  of  17.6  ±5.3 
%ID/g,  consistent  with  the  non-invasive  microPET  imaging  results.  After  17-AAG  treatment,  the 
uptake  decreased  significantly  (P  <  0.05)  to  10.1  ±  0.7  %ID/g.  The  liver  also  had  prominent 
radioactivity  accumulation,  with  an  uptake  of  17.1  ±  4.2  %ID/g  at  24  h  p.i.,  due  to  both  the 
hepatic  clearance  of  antibody-based  tracer  and  possible  trans-chelation.  Blood  activity 
concentration  was  7.9  ±3.1  %ID/g  at  24  h  p.i.,  indicating  the  long  circulation  life  time  of  the 
antibody.  Compared  with  64Cu-DOTA-cetuximab,  64Cu-DOTA-IgGi  has  a  higher  blood 
concentration  (14.3  ±  2.4  %ID/g)  and  lower  liver  uptake  (7.4  ±1.8  %ID/g).  The  non-specific 
accumulation  of  64Cu-DOTA-IgGi  in  the  PC-3  tumor  (due  to  the  leaky  vasculature  and  lack  of 
lymphatic  drainage  in  the  tumor)  was  very  low  (4.3  ±  0.5  %ID/g  at  24  h  p.i.;  P  <  0.01  compared 
with  the  control),  confirming  the  EGFR  specificity  of  64Cu-DOTA-cetuximab  uptake  in  the  PC-3 
tumor. 


Fig.  5.  Biodistribution  of  64Cu-DOTA-cetuximab  (with  or  without  17-AAG  treatment)  and  ^Cu-DOTA-IgGi 
in  PC-3  tumor-bearing  mice  at  24  h  post-injection  (n  =  4  for  each  group).  *,  P  <  0.05;  **,  P  <  0.01 . 

To  further  confirm  that  17-AAG  induces  EGFR  degradation  in  vivo,  we  performed 
immunofluorescence  staining  using  cetuximab  as  the  primary  antibody  and  Cy3-conjugated 
donkey  anti-human  IgG  as  the  secondary  antibody.  Images  were  taken  under  the  same  condition 
and  displayed  at  the  same  scale  to  make  sure  that  the  relative  brightness  observed  in  the  images 
reflected  the  difference  in  EGFR  expression  level.  In  the  untreated  PC-3  tumor,  EGFR 
expression  was  very  high  as  indicated  by  the  strong  pseudo-colored  red  signal  in  the  tissue  (Fig. 
6A).  After  treated  with  17-AAG,  EGFR  expression  was  apparently  lower  with  a  much  weaker 
fluorescence  signal.  Western  blot  of  the  tumor  tissue  lysate  using  cetuximab  as  the  primary 
antibody  also  revealed  that  EGFR  expression  level  in  the  PC-3  tumor  decreased  dramatically 
upon  17-AAG  treatment  (Fig.  6B).  Taken  together,  biodistribution  studies,  immunofluorescence 
staining,  and  Western  blot  all  confirmed  that  the  decrease  in  tumor  EGFR  expression  level  upon 
17-AAG  treatment  can  be  non-invasively  monitored  by  64Cu-DOTA-cetuximab  PET. 


Control  17-AAG 

Fig.  6  (A)  Immunofluorescence  staining  of  EGFR  in  17-AAG  treated  and  untreated  PC-3  tumor  tissues. 
Images  were  obtained  under  the  same  conditions  and  displayed  at  the  same  magnification  and  scale 
( 200 x)  (B)  Western  blot  of  EGFR  in  PC-3  tumors  treated  or  untreated  with  17-AAG.  Cetuximab  was  used 
as  the  primary  mAb. 


KEY  RESEARCH  ACCOMPLISHMENTS 


>  Developed  small  molecular  Hsp90  inhibitor,  GM  derivatives,  to  be  used  as  imaging  probes 
to  monitor  Hsp90  activity. 

>  Tested  the  feasibility  of  64Cu- labeled  EGFR  antibody  to  image  EGFR  expression  with  PET 
imaging 

>  Determined  that  64Cu-DOTA-cetuximab  PET  can  be  used  to  monitor  the  early  response  of 
EGFR  degradation  upon  anti-Hsp90  therapy  by  17-AAG. 

>  Summarized  important  applications  of  molecular  imaging  for  HSPs,  mainly  HSP70  and 
HSP90. 

>  Expanded  Hsp90  related  imaging  to  other  tumor  types 
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CONCLUSIONS 


Small  molecular  Hsp90  inhibitors,  at  least  GM  derivatives,  showed  reasonable  tumor 
accumulation  after  being  labeled  with  64Cu.  However,  in  vitro  experiments  revealed  that  the  GM 
derivatives  are  insufficient  to  tell  the  changes  of  both  Hsp90  level  and  activity  after  stimulation. 
It  might  be  more  appropriate  to  use  GM  imaging  for  tumor  detection  instead  of  Hsp90  activity 
monitoring. 

Hsp90  activity  can  be  evaluated  indirectly  by  imaging  one  or  several  of  its  downstream  client 
proteins.  The  quantitative  PET  imaging  of  EGFR  expression  with  64Cu-DOTA-cetuximab  is 
successful  for  monitoring  the  early  therapeutic  response  upon  17-AAG  treatment  in  a  human 
prostate  cancer  PC-3  tumor  model.  The  quantification  of  EGFR  degradation  upon  17-AAG 
treatment  using  PET  imaging  is  consistent  with  other  in  vitro  and  ex  vivo  measurements.  This 
strategy  may  be  applied  to  monitor  the  therapeutic  response  in  EGFR-positive  cancer  patients 
under  17-AAG  treatment. 

Apart  from  EGFR,  HER2  is  another  important  downstream  client  protein.  With  the  similar 
strategy,  we  labeled  anti-HER-2  antibody  with  positron  emission  radioisotopes  and  successfully 
visualized  tumor  response  to  another  Hsp90  inhibitor  17-DMAG. 
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PET  of  EGFR  Antibody  Distribution  in  Head 
and  Neck  Squamous  Cell  Carcinoma  Models 

Gang  Niu1,  Zibo  Li2,  Jin  Xie1,  Quynh-Thu  Le3,  and  Xiaoyuan  Chen1 

Molecular  Imaging  Program  at  Stanford  (MIPS),  Department  of  Radiology  and  Bio-X  Program,  Stanford  University  School  of 
Medicine,  Stanford,  California;  2  USC  Molecular  Imaging  Center,  Department  of  Radiology,  Keck  School  of  Medicine,  Los  Angeles, 
California;  and  3 Department  of  Radiation  Oncology,  Stanford  University  School  of  Medicine,  Stanford,  California 


Epidermal  growth  factor  receptor  (EGFR)  is  a  well-characterized 
protooncogene  that  has  been  shown  to  promote  tumor  pro¬ 
gression  in  solid  cancers.  Clinical  results  for  EGFR  targeting 
with  specific  monoclonal  antibodies  (mAbs)  such  as  cetuxi- 
mab  and  panitumumab  are  promising;  however,  most  studies 
indicate  that  only  a  subgroup  of  patients  receiving  the  mAbs 
benefit  from  the  immunotherapy,  independent  of  EGFR  ex¬ 
pression  level.  To  understand  the  in  vivo  kinetics  of  antibody 
delivery  and  localization,  we  performed  small-animal  PET 
studies  with  64Cu-labeled  panitumumab  in  xenografts  derived 
from  3  cell  lines  of  human  head  and  neck  squamous  cell 
carcinoma  (HNSCC).  Methods:  Nude  mice  bearing  HNSCC 
tumors  with  different  levels  of  EGFR  expression  were  imaged  with 
small-animal  PET  using  64Cu-1 ,4,7,1 0-tetraazacyclododecane- 
N , N ' , N "  ,N -tetraacetic  acid  (DOTA)-panitumumab.  Antibody  dis¬ 
tribution  in  the  tumors  was  confirmed  by  ex  vivo  immunostaining 
using  panitumumab  and  fluorescein  5(6)-isothiocyanate  (FITC) 
panitumumab.  CD31  immunostaining  and  Evans  blue  assay 
were  also  performed  to  assess  the  tumor  vascular  density  and  per¬ 
meability.  Results:  Among  these  3  tumor  models,  UM-SCC-22B 
tumors  with  the  lowest  EGFR  protein  expression  showed  the  high¬ 
est  64Cu-DOTA-panitumumab  accumulation,  whereas  SQB20 
tumors  with  the  highest  EGFR  expression  showed  the  lowest 
64Cu-DOTA-panitumumab  accumulation.  Ex  vivo  staining 
demonstrated  that  SQB20  cells  still  had  extremely  high  EGFR 
expression  after  forming  tumors  in  nude  mice,  indicating  that 
the  low  uptake  of  64Cu-DOTA-panitumumab  in  SQB20  tumors 
was  not  due  to  the  loss  of  EGFR  expression.  The  results  from 
CD31  immunostaining  and  Evans  blue  permeability  assay  sug¬ 
gest  that  the  low  vessel  density,  poor  vascular  permeability, 
and  binding  site  barrier  are  likely  responsible  for  the  overall 
low  tumor  uptake  of  the  highly  EGFR-expressing  SQB20  tu¬ 
mors.  Conclusion:  The  results  from  this  study  provide  a  possi¬ 
ble  explanation  for  the  lack  of  an  observed  correlation  between 
therapeutic  efficacy  of  cetuximab  and  panitumumab  and  EGFR 
expression  level  as  determined  by  immunohistochemistry  or 
fluorescent  in  situ  hybridization  and  may  shed  new  light  on 
the  complications  of  anti-EGFR  mAb  therapy  for  HNSCC  and 
other  malignancies. 
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A  he  epidermal  growth  factor  receptor  (EGFR)  is  a 
well-characterized  protooncogene  that  has  been  shown  to 
promote  tumor  progression  in  several  solid  cancers  (7). 
EGFR  is  a  member  of  the  structurally  related  erbB  family 
of  receptor  tyrosine  kinases  (2).  It  has  been  reported  that 
more  than  95%  of  head  and  neck  squamous  cell  carcino¬ 
mas  (HNSCCs)  express  elevated  EGFR  levels,  compared 
with  the  levels  in  normal  mucosa  (J).  Further  investiga¬ 
tions  show  that  the  elevated  EGFR  expression  is  an 
independent  indicator  of  poor  prognosis  and  reduced 
survival  in  HNSCC  patients  (4).  EGFR-targeted  therapies 
include  monoclonal  antibodies  (mAbs)  such  as  cetuximab 
(IMC-C225;  ImClone  Systems  Inc.)  and  panitumumab 
(ABX-EGF;  Amgen  Inc.),  which  block  the  extracellular 
ligand-binding  domain  of  the  receptor  and  tyrosine  kinase 
inhibitors  that  prevent  activation  of  the  cytoplasmic  kinase 
portion.  These  targeting  approaches  have  shown  great 
promise  in  preclinical  studies  (5,6).  In  patients  with 
locoregionally  advanced  HNSCC,  the  combination  of 
cetuximab  and  high-dose  radiation  was  found  to  yield 
survival  superior  to  that  of  radiation  alone  (7).  Similarly, 
the  addition  of  cetuximab  to  chemotherapy  resulted  in 
significantly  longer  median  survival  when  compared  with 
chemotherapy  alone  in  patients  with  recurrent  or  metastatic 
HNSCC  in  a  large  randomized  study  (8). 

Even  though  clinical  results  for  EGFR  targeting  with 
specific  antibodies  are  promising,  most  studies  indicate  that 
only  a  subgroup  of  patients  receiving  the  mAbs  benefit  from 
them  (9,10).  To  date,  there  is  no  known  marker  that  can  be 
used  consistently  to  identify  patients  who  would  likely 
benefit  from  cetuximab  therapy  (11).  No  correlation  has 
been  found  between  the  efficacy  of  cetuximab  and  EGFR 
tumoral  staining  intensity  by  immunohistochemistry  (11,12). 
In  addition,  a  response  to  cetuximab  has  been  observed  in 
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patients  with  EGFR-negative  tumors  (13).  Although  it  has 
been  reported  that  the  EGFR  gene  copy  number  may  predict 
the  response  to  cetuximab,  there  are  concerns  about  the 
reproducibility  of  such  an  assay  (14).  Most  recently,  KRAS 
mutations  have  been  shown  to  be  markers  of  resistance  to 
anti-EGFR  antibody  in  colorectal  cancer;  however,  such  a 
mutation  is  rare  in  HNSCC  (75).  Because  EGFR  antibody 
treatment  is  rather  expensive  and  not  without  associated 
toxicity,  a  reliable  marker  would  be  quite  helpful  in  the 
management  of  HNSCC  patients. 

It  has  been  demonstrated  that  noninvasive  molecular 
imaging  can  provide  additional  diagnostic  information  to 
improve  patient  management  (16,17).  Such  an  imaging 
approach  has  also  been  applied  to  EGFR  using  SPECT  with 
mIn  and  99mTc-labeled  EGFR-specific  antibodies  (18-20). 
PET  of  EGFR  has  also  been  performed  with  cetuximab 
conjugated  to  a  bifunctional  chelator  such  as  1,4,7,10- 
tetraazacyclododecane-A,A',A,/,A,"-tetraacetic  acid  (DOTA) 
and  labeled  with  64Cu  (21,22).  Small-animal  PET  showed  that 
uptake  of  64Cu-DOTA-cetuximab  increased  over  time  in 
EGFR-positive  tumors  but  was  relatively  low  in  EGFR- 
negative  tumors  (23).  64Cu-DOTA-cetuximab  has  also  been 
used  to  detect  and  quantify  EGFR  expression  in  cervical 
cancer  tumors  (27). 

To  fully  understand  the  issue  of  antibody  delivery  in 
HNSCC  and  shed  some  light  on  the  seemingly  contradictory 
observation  of  EGFR  expression  and  antibody  therapeutic 
efficacy,  we  labeled  panitumumab,  a  fully  humanized  mAb 
against  EGFR  (24),  with  64Cu  and  performed  quantitative 
PET  studies  on  different  HNSCC  tumor  xenografts.  We 
found  that  the  in  vivo  uptake  of  labeled  panitumumab  in 
tumors  failed  to  correlate  with  EGFR  protein  expression 
levels  in  HNSCC  xenograft  models. 

MATERIALS  AND  METHODS 

All  commercially  available  chemical  reagents  were  used  with¬ 
out  further  purification.  DOTA  was  purchased  from  Macrocyclics, 
Inc.,  and  Chelex  100  resin  (50-100  mesh)  was  purchased  from 
Sigma- Aldrich.  Water  and  all  buffers  were  passed  though  a  Chelex 
100  column  (1  x  15  cm)  before  use  in  radiolabeling  procedures  to 
ensure  that  the  aqueous  buffer  was  free  of  heavy  metals.  PD- 10 
desalting  columns  were  purchased  from  GE  Healthcare.  Athymic 
nude  mice  were  obtained  from  Harlan  at  4-6  wk  of  age.  64Cu  was 
ordered  from  the  University  of  Wisconsin-Madison.  The  human 
HNSCC  cell  lines  SQB20,  SAS,  and  UM-SCC-22B  were  ob¬ 
tained,  respectively,  from  Dr.  J.  Martin  Brown’s  laboratory  at 
Stanford  University;  from  the  Cell  Resource  Center  for  the 
Biomedical  Research  Institute  of  Development,  Aging,  and  Can¬ 
cer,  Tohoku  University;  and  from  the  University  of  Michigan.  The 
cell  lines  were  maintained  in  DMEM  medium  supplemented  with 
10%  fetal  bovine  serum,  1%  glutamine,  100  U  of  penicillin  per 
milliliter,  and  100  pig  of  streptomycin  per  milliliter  (Invitrogen). 

Antibody  Labeling 

Fluorescein  5(6)-isothiocyanate  (FITC),  purchased  from  Sigma- 
Aldrich,  was  dissolved  in  anhydrous  dimethyl  sulfoxide  immedi¬ 
ately  before  use  and  then  added  to  panitumumab  with  a  ratio  of  50 
pig  per  mg  of  antibody.  The  mixture  was  incubated  and  rotated  at 


room  temperature  for  60  min  for  covalent  conjugation.  The 
unreacted  FITC  was  removed  by  PD- 10  column.  FITC-to-antibody 
ratio  and  antibody  concentration  were  determined  by  the  following 
equation  after  measuring  the  absorbance  at  280  and  495  nm: 
antibody  (mg/mL)  =  [A28o  -  0.31  x  A495]/1.4;  FITC-to-antibody 
ratio  =  3.1  x  A495/(A28o  ~~  0-31  x  A495).  The  FITC-to-antibody 
ratio  is  10.13  for  FITC-panitumumab. 

Detailed  procedures  for  DOTA  conjugation  and  for  measurement 
of  DOTA  number  have  been  reported  earlier  (23,25).  The  reaction 
ratio  of  DOTA  to  antibody  is  200:1.  64CuC12  (74  MBq)  was  diluted 
in  300  pU  of  0.1  M  sodium  acetate  buffer  (pH  6.5)  and  added  to  50 
pg  of  DOTA-panitumumab.  The  reaction  mixture  was  incubated  for 
1  h  at  40°C  with  constant  shaking.  64Cu-DOTA-panitumumab  was 
then  purified  by  PD- 10  column  using  phosphate-buffered  saline 
(PBS)  as  the  mobile  phase.  The  labeling  yield  was  calculated  by 
dividing  the  decay-corrected  radioactivity  of  64Cu-DOTA-pan- 
itumumab  by  the  total  radioactivity  used  for  reaction. 

Flow  Cytometry 

HNSCC  cells  were  harvested  and  washed  with  PBS  containing 
0.5%  bovine  serum  albumin.  On  blockade  by  2%  bovine  serum 
albumin  in  PBS,  the  cells  were  incubated  with  panitumumab  (10 
pg/mL  in  PBS  containing  2%  bovine  serum  albumin).  FITC- 
conjugated  donkey  antihuman  IgG  (1:200)  was  then  added  and 
allowed  to  incubate  for  1  h  at  room  temperature.  After  washing, 
the  cells  were  analyzed  using  an  LSR  flow  cytometer  (Beckman 
Coulter).  The  FITC  signal  intensity  was  analyzed  using  Cell- 
Quest  software  (version  3.3;  Becton-Dickinson). 

Tumor  Models 

All  animal  experiments  were  performed  under  a  protocol 
approved  by  the  Stanford  University  Administrative  Panel  on 
Laboratory  Animal  Care.  Subcutaneous  HNSCC  tumor  models 
were  established  in  4-  to  6-wk-old  female  athymic  nude  mice. 
Typically,  5  x  106  cells  suspended  in  50  pL  of  PBS  were  injected 
and  the  mice  underwent  PET  when  the  tumor  volume  reached 
200-400  mm3  (3-4  wk  after  inoculation). 

PET  and  Image  Analysis 

PET  of  tumor-bearing  mice  was  performed  on  a  microPET  R4 
rodent  model  scanner  (Siemens  Medical  Solutions)  as  described 
earlier  (23).  The  mice  were  intravenously  injected  with  64Cu- 
DOTA-panitumumab  or  64Cu-DOTA-IgG  (Jackson  ImmunoRe- 
search  Laboratories)  (7-8  MBq/6  pg/mouse),  and  static  scans 
were  acquired  at  4,  20,  30,  and  48  h  after  injection.  For  each  scan, 
3 -dimensional  regions  of  interest  were  drawn  over  the  tumor,  liver, 
heart,  and  muscle  on  decay-corrected  whole-body  coronal  images. 
The  average  radioactivity  concentration  within  a  tumor  or  an  organ 
was  obtained  from  mean  pixel  values  within  the  region-of-interest 
volume.  These  mean  values  were  converted  to  counts/mL/min 
using  a  conversion  factor.  Assuming  a  tissue  density  of  1  g/mL,  the 
counts/mL/min  were  converted  to  counts/g/min  and  then  divided 
by  the  injected  dose  to  obtain  an  imaging  region-of-interest- 
derived  percentage  injected  dose  (%ID)/g. 

Measurement  of  Vascular  Permeability  Using 
Evans  Blue 

The  effective  microvascular  permeability  of  albumin-Evans  blue 
was  determined  using  the  simplified  indicator  diffusion  method 
(26).  Evans  blue  (Sigma- Aldrich)  was  administered  intravenously  at 
a  dose  of  30  mg/kg.  The  mice  were  reperfused  at  an  elevated 
perfusion  pressure  with  physiologic  saline  immediately  before 
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tumor  excision  to  remove  albumin-Evans  blue  from  the  tumor 
circulation.  Tumors  were  excised  4  h  after  the  dye  had  been  injected 
and  were  cut  into  pieces  weighing  approximately  50  mg  to  facilitate 
the  extraction  of  Evans  blue.  The  pieces  were  pooled  in  a  tube  and 
weighed  before  Evans  blue  was  extracted  in  formamide  (0.01  mL/mg 
of  tumor  tissue)  for  72  h.  Relative  Evans  blue  concentrations  were 
determined  by  measuring  the  light  absorbance  at  620  nm.  For  Evans 
blue  fluorescence  staining,  tumors  were  harvested  and  sectioned  at  4 
h  after  dye  injection.  After  being  mounted  with  medium  containing 
4,6-diamino-2-phenylindole  (DAPI),  the  sections  were  observed 
under  an  LSM  510  confocal  microscope  (Zeiss)  with  optical  filters 
(543-nm  excitation;  long  pass,  585-nm  emission). 

Immunofluorescence  Staining 

Frozen  HNSCC  tumor  sections  (5  jim  thick)  were  warmed  to 
room  temperature,  fixed  with  ice-cold  acetone  for  10  min,  and 
dried  in  the  air  for  30  min.  The  sections  were  rinsed  in  PBS  for  2 
min  and  blocked  in  10%  donkey  serum  for  1  h  at  room  temper¬ 
ature.  The  sections  were  incubated  with  panitumumab  (10  p-g/mL) 
for  1  h  at  room  temperature  and  visualized  with  FITC-conjugated 
donkey  antihuman  secondary  antibody  (1:200,  Jackson  Immuno- 
Research  Laboratories)  under  a  microscope  (Axiovert  200  M;  Carl 
Zeiss  USA).  Images  were  acquired  under  the  same  conditions  and 
displayed  at  the  same  scale. 

For  in  vivo  staining,  100  pg  of  DOTA-panitumumab  or  FITC- 
panitumumab  were  injected  by  tail  vein.  The  animals  were  sacri¬ 
ficed  30  h  after  injection,  and  the  tumor  samples  were  collected.  The 
tumor  sections  with  DOTA-panitumumab  were  fixed  and  stained 
using  a  similar  procedure  except  that  no  primary  antibody  was 
added.  The  tumor  sections  with  FITC-panitumumab  were  mounted 
with  DAPI-containing  mounting  medium  and  were  observed  di¬ 
rectly  without  any  further  staining. 

CD31  Staining  and  Microvascular  Density  Measurement 

Frozen  slices  (5  pm  thick)  of  HNSCC  tumor  were  fixed  with 
cold  acetone  for  10  min  and  dried  in  the  air  for  30  min.  The  slices 
were  rinsed  with  PBS  for  2  min  and  blocked  with  10%  donkey 
serum  for  30  min  at  room  temperature.  The  slices  were  then 
incubated  with  panitumumab  and  rat  antimouse  CD31  antibody 
for  1  h  at  room  temperature  and  visualized  using  FITC-conjugated 
donkey  antihuman  secondary  antibody  (1:200;  Jackson  Immuno- 
Research  Laboratories,  Inc.)  and  Cy3-conjugated  rat  antimouse 
IgG  (1:200;  Jackson  ImmunoResearch  Laboratories,  Inc.). 

After  CD31  staining,  10  random  views  in  both  the  center  and 
the  periphery  of  the  tumor  slices  were  selected  for  microvessel 
density  (MVD)  analysis  using  an  observer-set  threshold  to  distin¬ 
guish  vascular  elements  from  surrounding  tissue  parenchyma.  The 
vessel  that  contained  branching  points  was  counted  as  a  single 
vessel.  The  number  of  vessels  counted  was  divided  by  the  field  of 
view  to  yield  the  MVD,  as  vessels/mm2. 

Statistical  Analysis 

Quantitative  data  were  expressed  as  mean  ±  SD.  Means  were 
compared  using  1-way  ANOVA  and  the  Student  t  test.  P  values 
less  than  0.05  were  considered  statistically  significant. 

RESULTS 

High  Expression  of  EGFR  in  HNSCC  Cell  Lines 

We  selected  3  different  HNSCC  cell  lines  and  analyzed 
their  EGFR  expression  levels  by  FACS  (Fig.  1).  All  3  cell 


FIGURE  1 .  Flow  cytometric  analysis  of  EGFR  expression  on 
FINSCC  cells.  Panitumumab  was  used  as  primary  antibody,  and 
FITC-conjugated  donkey  antihuman  IgG  was  used  as  second¬ 
ary  antibody.  Mean  values  (±  SD)  of  FITC  signal  intensity  (MFI)  of 
3  measurements  are  shown.  22B  =  UM-SCC-22B. 


lines  showed  relatively  high  EGFR  expression,  in  the  order 
of  SQB20  >  SAS  >  UM-SCC-22B.  Immunostaining  of 
tumor  sections  derived  from  these  cell  lines  also  showed 
extremely  high  EGFR  expression  in  SQB20  tumors,  high 
expression  in  SAS  tumors,  and  relatively  low  expression  in 
UM-SCC-22B  tumors. 

PET  of  EGFR  Expression 

The  specific  activity  of  64Cu-DOTA-panitumumab  was 
1.35  ±  0.26  GBq/mg,  and  the  radiolabeling  yield  was 
85.0%  ±  9.2%  ( n  =  5).  The  decay-corrected  whole-body 
transaxial  images  containing  the  tumors  are  shown  in 
Figure  2.  At  all  time  points,  the  accumulation  of  64Cu- 
DOTA-panitumumab  was  highest  in  UM-SCC-22B  tumors, 
lowest  in  SQB20  tumors,  and  moderate  in  SAS  tumors. 
Quantitative  data  based  on  region-of-interest  analysis  are 
shown  in  Table  1.  At  30  h  after  injection,  the  UM-SCC-22B 
tumor  uptake  of  64Cu-DOTA-panitumumab  was  31.42  ± 
10.77  %ID/g,  SAS  tumor  uptake  was  12.39  ±  4.15  %ID/g, 
and  SQB20  tumor  uptake  was  8.76  ±  1.07  %ID/g.  The  liver 
also  had  prominent  radioactivity  accumulation,  with  an 
uptake  of  11.96  ±  3.87  %ID/g  at  30  h  after  injection,  due  to 
both  the  hepatic  clearance  of  antibody-based  tracer  and 
possible  transchelation.  The  blood  activity  concentration 
was  12.35  ±  4.25  %ID/g  at  30  h  after  injection,  indicating 
the  long  circulation  life  of  the  antibody. 

We  also  imaged  these  HNSCC  tumors  with  64Cu-DOTA- 
IgG  to  eliminate  the  influence  of  passive  targeting  for  PET 
quantification.  Compared  with  64Cu-DOTA-panitumumab, 
64Cu-DOTA-IgG  had  a  similar  blood  concentration  (13.01  ± 
1.28  %ID/g  at  30  h)  and  liver  uptake  (10.92  ±  1.77  %ID/g  at 
30  h).  The  tumor  uptake  of  64Cu-DOTA-IgG  was  low  in  all  3 
tumor  models.  After  IgG  subtraction,  UM-SCC-22B  still 
showed  the  highest  absolute  uptake  (14.14  ±  3.89  %ID/g), 
whereas  SQB20  showed  the  lowest  absolute  uptake  (2.85  ± 
0.82  %ID/g)  (Fig.  2B). 
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FIGURE  2.  (A)  Small-animal  PET  images  of  HNSCC  tumor¬ 

bearing  nude  mice  at  different  time  points  after  intravenous 
injection  of  64Cu-DOTA-panitumumab  (n  =  4/group).  Decay- 
corrected  transaxial  images  at  different  time  points  are 
shown,  and  tumors  are  indicated  by  arrowheads.  For  UM- 
SCC-22B  and  SAS  tumors,  scale  ranged  from  0  %  ID/g  to 
30  %ID/g,  and  for  SQB20  tumors,  scale  ranged  from  0  %ID  to 
15  %ID/g  for  optimal  visualization.  (B)  HNSCC  tumor  uptake 
levels  of  64Cu-DOTA-panitumumab  and  64Cu-DOTA-lgG  at 
20  h  after  injection  quantified  from  small-animal  PET  scans 
(n  =  4).  22B  =  UM-SCC-22B.  *P  <  0.05. 

Panitumumab  Distribution  in  HNSCC  Tumors 

The  PET  data  showed  that  uptake  of  64Cu-DOTA- 
panitumumab  was  highest  in  the  UM-SCC-22B  tumors  that 
had  the  lowest  EGFR  protein  expression.  Inversely,  the 
radioactivity  accumulation  was  lowest  in  the  SQB20  tu¬ 
mors  that  had  the  highest  EGFR  expression.  To  further 
explain  this  seemingly  abnormal  phenomenon,  we  conju¬ 
gated  panitumumab  with  a  fluorescent  dye  FITC  and 
harvested  tumors  at  30  h  after  intravenous  injection  of 
FITC-panitumumab.  After  being  coated  with  a  mounting 
medium  containing  DAPI,  the  tumor  sections  were  exam¬ 
ined  under  a  fluorescence  microscope  and  images  were 


taken  and  displayed  under  the  same  conditions  to  make 
sure  that  the  fluorescence  intensity  represented  the  FITC- 
panitumumab  level.  As  shown  in  Figure  3B,  for  SQB20 
tumors,  FITC-panitumumab  was  primarily  detected  within 
several  cell  diameters  of  the  blood  vessels  with  high 
fluorescence  density;  for  SAS  tumors,  the  fluorescence 
signal  was  also  limited  to  perivascular  regions  with  a 
longer  diffusive  distance.  In  contrast,  the  fluorescence 
signal  diffused  much  more  homogeneously  in  UM-SCC- 
22B  tumors.  DOTA-panitumumab  showed  an  intratumoral 
distribution  similar  to  that  of  FITC-panitumumab.  Costain¬ 
ing  with  CD3 1  further  demonstrated  the  limited  perivascu¬ 
lar  localization  of  panitumumab  in  both  SQB20  and  SAS 
tumors  (Fig.  3C  and  3D).  These  results  indicate  that  the 
poor  penetration  of  the  antibody  through  perivascular 
tissues  is  at  least  partially  responsible  for  the  low  accumu¬ 
lation  of  64Cu-DOTA-panitumumab  in  SQB20  tumors. 

Vascular  Density  and  Permeability  of  HNSCC  Tumors 

Vascular  density  is  another  determining  factor  for  anti¬ 
body  diffusion  and  binding.  The  micro  vascular  density 
(MVD)  of  HNSCC  tumors  was  determined  with  CD31- 
stained  tumor  sections.  UM-SCC-22B  tumors  are  highly 
vascularized,  with  an  MVD  of  27.1/mm2.  SQB20  tumors 
have  the  lowest  MVD,  4.7/mm2,  and  SAS  tumors  have  an 
intermediate  MVD  of  12.5/mm2  (Fig.  4).  The  morphology 
of  the  vasculature  also  varied  among  these  3  tumor  models. 

Evans  blue  forms  a  complex  with  albumin  in  vivo  by 
electrostatic  interaction  between  the  sulfonic  acid  group  of 
the  dye  and  the  s-amine  groups  of  the  lysine  residues  of 
albumin.  The  strong  binding  makes  the  behavior  of  Evans 
blue  reflect  the  transport  of  albumin,  which  is  about  67  kDa 
with  a  diameter  of  about  7  nm  (26).  As  shown  in  Figure  5  A, 
the  tumor  vasculature  was  visualized  through  the  high- 
fluorescence  signal  of  Evans  blue,  as  is  consistent  with 
CD31  staining.  In  UM-SCC-22B  tumors,  moreover,  the 
interstitial  diffusion  of  Evans  blue  albumin  from  vessels 
can  be  identified.  The  quantification  of  Evan  blue  perfusion 
showed  that  UM-SCC-22B  tumors  were  the  most  permeable 
among  the  3  HNSCC  tumor  models,  whereas  SAS  tumors 
were  less  permeable  and  SQB20  tumors  were  the  least 
permeable  (Fig.  5B). 

DISCUSSION 

In  this  study,  we  conjugated  an  EGFR-specific  antibody, 
panitumumab,  with  DOTA  and  labeled  the  conjugate  with 
64Cu.  Small-animal  PET  was  performed  to  evaluate  EGFR 
expression  in  tumor  models  derived  from  3  HNSCC  cell 
lines  with  different  levels  of  EGFR  expression.  We  found  no 
correlation  between  PET  quantification  and  EGFR  protein 
expression  level.  To  our  surprise,  UM-SCC-22B  tumors, 
which  had  the  lowest  EGFR  protein  expression,  showed  the 
highest  accumulation  of  64Cu-DOTA-panitumumab  accu¬ 
mulation  whereas  SQB20  tumors,  with  the  highest  EGFR 
expression,  showed  the  lowest  accumulation  of  64Cu-DOTA- 
panitumumab.  The  low  uptake  of  64Cu-DOTA-panitumumab 
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TABLE  1.  Biodistribution  of  64Cu  Activity  in  HNSCC  Tumor  Models 


64Cu-DOTA-panitumumab  (%ID/g)  64Cu-DOTA-lgG  (%ID/g) 


Site 

4  h 

20  h 

30  h 

48  h 

4  h 

20  h 

30  h 

48  h 

Blood 

22.73  ±  3.99 

14.42  ±  4.47 

12.35  ±  4.25 

10.29  ±  4.04 

20.54  ±  2.58 

13.84  ±  2.24 

13.01  ±  1.28 

11.49  ±  1.99 

Liver 

15.94  ±  3.35 

12.52  ±  3.29 

11.96  ±  3.87 

11.55  ±  3.64 

13.77  ±  2.04 

10.42  ±  1.17 

10.92  ±  1.77 

10.83  ±  2.25 

Muscle 

3.32  ±  1.50 

2.479  ±  1.08 

2.79  ±  1.31 

2.14  ±  1.03 

2.63  ±  0.78 

2.20  ±  0.40 

2.72  ±  0.83 

2.10  ±  0.11 

22B 

16.09  ±  6.52 

26.41  ±  9.16 

31.42  ±  10.77 

34.80  ±  9.26 

5.70  ±  3.92 

10.27  ±  5.27 

11.75  ±  6.35 

12.14  ±  6.71 

SAS 

6.39  ±  1 .60* 

11.01  ±  1.84* 

12.39  ±  4.15* 

15.35  ±  3.33* 

3.51  ±  0.86 

6.26  ±  0.68 

7.20  ±  2.25 

8.05  ±  3.75 

SQB20 

4.02  ±  1.87+ 

7.92  ±  1.48+ 

8.76  ±  1.07+ 

9.39  ±  1.44+ 

3.54  ±  1.04 

5.07  ±  2.30 

7.26  ±  5.15 

8.57  ±  5.04 

*P  <  0.05. 

+P  <  0.01. 

22B  =  UM-SCC-22B. 

Data  are  %ID/g  and  represent  mean  ±  SD  of  4  mice. 


in  SQB20  tumors  was  not  due  to  the  loss  of  EGFR  expres¬ 
sion.  On  the  contrary,  ex  vivo  staining  using  panitumumab  as 
the  primary  antibody  demonstrated  that  SQB20  cells  still 
had  extremely  high  EGFR  expression  after  forming  tumors 
in  nude  mice.  These  results  indicated  that  the  expression 
level  of  EGFR  cellular  protein  correlated  poorly  with  the 
efficiency  of  antibody  delivery  to  the  tumors.  Similar  findings 
have  also  been  reported  for  mIn-conjugated  anti-EGFR 
antibody  in  breast  cancer  models  (20). 


At  present,  antibodies  are  indisputably  the  best-estab¬ 
lished  class  of  binding  molecules  for  tumor  diagnosis  and 
therapy  (27,28).  Tumor  antigen  density  is  known  to  influ¬ 
ence  antibody-based  tumor  targeting  (29).  The  expression 
level  of  EGFR  in  all  3  HNSCC  cell  lines  tested  was  quite 
high  compared  with  the  other  solid  tumors.  We  have 
previously  performed  PET  with  64Cu-DOTA-cetuximab 
on  another  7  different  solid  tumor  models,  including 
U87MG  human  glioblastoma;  PC-3  human  prostate  carci- 


FIGURE  3.  Immunofluorescence  ex¬ 
amination  of  EGFR  expression  and  pan¬ 
itumumab  localization  in  HNSCC 
tumors.  Images  were  obtained  under 
same  conditions  and  displayed  at  same 
magnification  and  scale  (except  D).  (A) 
Tumor  sections  were  directly  stained  with 
panitumumab  as  primary  antibody  and 
with  FITC-conjugated  donkey  antihuman 
IgG  as  secondary  antibody.  Murine  CD31 
was  stained  with  Cy3-conjugated  IgG  to 
visualize  tumor  vasculature.  SQB20  tu¬ 
mors  showed  highest  fluorescence  inten¬ 
sity,  corresponding  to  highest  EGFR 
expression.  (B)  Thirty  hours  after  FITC- 
panitumumab  injection,  tumors  were  har¬ 
vested  and  tumor  sections  were  observed 
after  being  mounted  with  DAPI-containing 
medium.  (C)  Thirty  hours  after  DOTA- 
panitumumab  injection,  tumors  were  har¬ 
vested  and  tumor  sections  were  stained 
with  FITC-conjugated  donkey  antihuman 
IgG.  (D)  In  high-magnification  view  of 
images  shown  in  C,  color  was  rescaled 
to  emphasize  relationship  of  panitumumab 
and  vasculature  (red  from  Cy3  for  CD31 ; 
green  from  FITC  for  EGFR  and  panitu¬ 
mumab;  blue  from  DAPI  for  nucleus 
visualization). 
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FIGURE  4.  MVD  measurement  of  HNSCC  tumors.  Frozen 
slices  of  HNSCC  tumor  were  stained  with  rat  antimouse 
CD31  antibody  and  visualized  using  Cy3-conjugated  rat 
antimouse  IgG.  After  CD31  staining,  10  random  views  in 
both  center  and  periphery  of  tumor  slices  were  selected  for 
MVD  analysis  using  observer-set  threshold  to  distinguish 
vascular  elements  from  surrounding  tissue  parenchyma. 
Number  of  vessels  counted  was  divided  by  field  of  view  to 
yield  MVD,  as  number  of  vessels/mm2.  22B  =  UM-SCC- 
22B.  *P  <  0.05.  *P  <  0.05.  **P  <  0.01. 


FIGURE  5.  Measurement  of  vascular  permeability  using 
Evans  blue.  Tumors  were  excised  4  h  after  dye  had  been 
injected.  After  being  mounted  with  medium  containing  DAPI, 
sections  were  observed  under  LSM  510  (Zeiss)  confocal 
microscope  with  optical  filters  (543-nm  excitation;  long 
pass,  585-nm  emission).  For  quantification,  Evans  blue 
was  extracted  in  formamide  (0.01  ml_/mg  of  tumor  tissue) 
for  72  h.  Relative  Evans  blue  concentrations  were  deter¬ 
mined  by  measuring  light  absorbance  at  620  nm.  22B  = 
UM-SCC-22B.  *P  <  0.05.  **P  <  0.01. 


noma;  CT-26  murine  colorectal  carcinoma;  HCT-8,  HCT-116, 
and  SW620  human  colorectal  carcinoma;  and  MDA-MB- 
435  human  breast  cancer  (23).  We  found  an  increased 
accumulation  of  activity  in  EGFR-positive  tumors  over 
time  but  relatively  low  uptake  in  EGFR-negative  tumors  at 
all  time  points  examined.  Moreover,  tracer  uptake  as 
measured  by  PET  showed  a  good  linear  correlation  with 
EGFR  protein  expression  level  as  measured  by  Western 
blotting.  Eiblmaier  et  al.  (27)  have  also  shown  that  EGFR 
messenger  RNA  expression  corresponded  directly  to  EGFR 
densities  and  levels  of  internalization  of  64Cu-DOTA- 
centuximab  in  5  cervical  cancer  cell  lines.  When  compared 
between  the  3  HNSCC  cell  lines  and  these  other  cell  lines, 
the  levels  of  EGFR  expression  were  similar  between  the 
lowest-expressing  HNSCC  cells  (UM-SCC22B)  and  the 
highest-expressing  non-HNSCC  cells  (PC-3  prostate  can¬ 
cer).  We  speculated  that  antigen  density  is  a  major  deter¬ 
mining  factor  in  PET  with  radionuclide-labeled  antibodies 
when  antigen  expression  level  is  below  a  certain  threshold. 
Such  a  threshold  may  have  been  exceeded  in  the  HNSCCs 
tested  here.  With  regard  to  antibody  binding  affinity,  we  have 
tested  64Cu-DOTA-cetuximab  in  these  3  HNSCC  models  and 
the  results  were  similar  to  those  obtained  with  64Cu-DOTA- 
panitumumab,  despite  the  fact  that  panitumumab  has  a  higher 
affinity  for  EGFR  than  does  cetuximab.  Again,  if  antigen 
density  exceeds  a  certain  threshold,  binding  affinity  may  play 
a  smaller  role  in  antibody  distribution. 


Because  of  the  lack  of  correlation  between  antigen 
density,  binding  affinity,  and  imaged  antibody  distribution, 
we  surmised  that  low  MVD  and  poor  vascular  permeabil¬ 
ity  were  mainly  responsible  for  the  observed  imaging 
results.  Compared  with  the  other  2  HNSCC  models, 
SQB20  tumors  were  poorly  vascularized  as  indicated  by 
CD31  staining.  In  addition,  the  vascular  permeability  of 
SQB20  tumors  was  the  worst  among  the  3  tumor  models, 
on  the  basis  of  Evans  blue  perfusion  data.  Apart  from 
MVD  and  vascular  permeability,  we  also  speculated 
that  there  exists  a  binding- site  barrier  for  64Cu-DOTA- 
panitumumab  penetration  in  SQB20  tumors.  The  high- 
affinity  binding  of  mAbs  to  the  first  encountered  tumor 
antigen  would  retard  antibody  percolation  (30),  resulting 
in  a  more  heterogeneous  distribution.  In  the  case  of  SQB20 
tumors,  the  high  number  of  EGFR  receptors  on  the  tumor  cell 
surface  may  act  as  a  barrier  against  distal  diffusion  of  antibody. 
As  shown  in  Figure  2,  most  panitumumab  molecules  were 
perivascular  and  diffused  through  a  distance  of  only  several 
cells.  The  implication  is  that  the  perivascular  tumor  cells 
depleted  mAbs  quickly  and  inhibited  further  penetration  of 
panitumumab.  The  localization  of  panitumumab  in  SQB20 
and  UM-SCC-22B  tumors  is  illustrated  in  Supplemental 
Figure  1  (supplemental  materials  are  available  online  only  at 
http://jnm.snmjournals.org).  Because  of  the  abundant  blood 
supply,  high  MVD,  and  high  blood  vessel  permeability,  UM- 
SCC-22B  tumors  showed  a  noticeably  higher  accumulation  of 
64Cu-DOTA-panitumumab  than  did  the  other  2  HNSCC  tumor 
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models.  Compared  with  a  therapeutic  dose  of  antibody  (100- 
200  jxg  per  mouse),  the  imaging  dose  was  very  low  (~5  jxg  per 
mouse).  The  difference  in  antibody  concentration  should  be 
considered  when  one  is  integrating  imaging  data  into  thera¬ 
peutic  scenarios,  because  images  with  low  concentrations  of 
antibody  may  exaggerate  the  influence  of  vascular  density  and 
permeability. 

Under  physiologic  conditions,  EGFR  is  internalized  on 
ligand  activation  and  ligand-receptor  complexes  are  tar¬ 
geted  for  lysosomal  degradation,  resulting  in  signal  atten¬ 
uation  (31).  A  similar  phenomenon  has  been  observed  for 
EGFR  binding  antibody  (32).  64Cu-DOTA-cetuximab  in¬ 
ternalization  was  reported  in  cervical  cancer  cells  and 
correlated  well  with  EGFR  expression,  with  approximately 
25%  of  cell-surface  EGFR  being  internalized  after  4  h  of 
incubation  in  all  cell  lines  tested  (21).  We  also  evaluated 
panitumumab  internalization  in  HNSCC  cell  lines  and 
found  that  all  HNSCC  cells  showed  a  similar  internaliza¬ 
tion  ratio  of  around  30%  after  2  h  of  incubation  at  37°C 
(Supplemental  Fig.  2).  Therefore,  antibody  internalization 
after  panitumumab  binding  to  EGFR  was  unlikely  to  have 
contributed  to  the  differential  distribution  of  64Cu-DOTA- 
panitumumab  in  HNSCC  tumor  models  (33). 

PET  with  radiolabeled  antibody  visualizes  and  quantifies 
several  parameters,  including  tumor- specific  binding,  per¬ 
fusion,  vascularity,  vascular  permeability,  and  plasma  half- 
life.  Moreover,  radiolabeled  antibody  PET  provides  more 
comprehensive  information  for  patient  screening  and  ther¬ 
apeutic  guidance  than  does  immunohistochemistry  or  fluo¬ 
rescent  in  situ  hybridization — techniques  that  only  sample 
antigen  density  in  a  small  part  of  the  tumor.  The  results 
from  this  study  may  provide  a  possible  explanation  for  the 
lack  of  an  observed  correlation  between  therapeutic  efficacy 
of  cetuximab  and  panitumumab  and  EGFR  expression  level 
as  determined  by  immunohistochemistry  or  fluorescent  in 
situ  hybridization  (34).  For  tumors  such  as  SQB20,  even 
with  high  EGFR  expression,  the  patchy  and  incomplete 
tumor  perfusion  could  result  in  suboptimal  therapeutic 
effects  when  therapeutic  efficacy  is  dependent  on  uniform 
delivery  to  tumor  cells  (30}35).  We  are  pursuing  studies  to 
determine  whether  the  results  of  64Cu-DOTA-panitumumab 
or  64Cu-DOTA-cetuximab  imaging  correlate  with  treatment 
efficacy  when  the  same  antibody  is  used  alone  or  conjugated 
to  a  high-energy  radioisotope  for  radioimmunotherapy. 

CONCLUSION 

The  in  vivo  tumor  uptake  quantified  from  PET  with  64Cu- 
DOTA-panitumumab  in  HNSCC  tumor  models  failed  to 
reflect  the  expression  level  of  EGFR  in  vivo.  The  results 
revealed  a  possible  explanation  for  the  lack  of  an  observed 
correlation  between  therapeutic  efficacy  of  cetuximab  and 
panitumumab  and  EGFR  expression  level  as  determined  by 
immunohistochemistry  or  fluorescent  in  situ  hybridization. 
This  study  may  shed  new  light  on  the  complications  of  anti- 
EGFR  mAb  therapy  for  HNSCC  and  other  malignancies. 
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Abstract 

Purpose:  The  aim  of  this  study  is  to  non-invasively  monitor  the  epidermal  growth  factor  receptor 
(EGFR)  response  to  a  Hsp90  inhibitor-1 7-AAG  treatment  in  a  PC-3  prostate  cancer  model. 
Procedures:  Nude  mice  bearing  PC-3  tumor  were  injected  intraperitoneally  with  1 7-AAG  and  then 
imaged  with  micro  positron  emission  tomography  (microPET)  using  64Cu-DOTA-cetuximab. 
Biodistribution  studies,  immunofluorescence  staining,  and  Western  blot  were  performed  to 
validate  the  microPET  results. 

Results:  PC-3  cells  are  sensitive  to  1 7-AAG  treatment  in  a  dose-dependent  manner. 
Quantitative  microPET  showed  that  64Cu-DOTA-cetuximab  has  prominent  tumor  activity 
accumulation  in  untreated  tumors  (14.6±2.6%ID/g)  but  significantly  lower  uptake  in  17-AAG- 
treated  tumors  (8.9±1.6%  ID/g)  at  24  h  post-injection.  Both  immunofluorescence  staining  and 
Western  blot  confirmed  the  significantly  lower  EGFR  expression  level  in  the  tumor  tissue  upon 
1 7-AAG  treatment. 

Conclusions:  The  early  response  to  anti-Hsp90  therapy  was  successfully  monitored  by 
quantitative  PET  using  64Cu-DOTA-cetuximab,  which  indicates  that  this  approach  may  be 
valuable  in  monitoring  the  therapeutic  response  to  Hsp90  inhibitor  1 7-AAG  in  EGFR-positive 
cancer  patients. 

Key  words:  Epidermal  growth  factor  receptor  (EGFR),  Positron  emission  tomography  (PET), 
Heat  shock  protein  90  (Hsp90),  17-Allyamino-17-demethoxygeldanamycin  (1 7-AAG),  Cetuximab 


Introduction 

he  epidermal  growth  factor  receptor  (EGFR)  is  a  170-kDa 
cell-surface  protein  overexpressed  in  many  epithelial 
cancers  [1].  Upon  ligand  binding,  EGFR  dimerizes  either  with 
itself  to  form  a  homodimer  or  with  other  human  epidermal 
growth  factor  receptor  (HER)  family  members  to  form 
heterodimers.  Dysregulation  of  EGFR  is  associated  with 
several  key  features  of  cancer  such  as  autonomous  cell  growth, 
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inhibition  of  apoptosis,  angiogenic  potential,  invasion,  and 
metastasis  [2].  Gene  amplification  and/or  overexpression  of 
EGFR  have  been  reported  in  several  cancer  types,  including 
cancer  of  the  bladder,  prostate,  kidney,  lung,  breast,  and  head 
and  neck  [3].  Several  studies  have  indicated  that  the  level  of 
EGFR  expression  correlates  with  poor  disease  prognosis  and 
reduced  survival  [4-7]. 

EGFR  is  now  a  validated  target  for  the  treatment  of 
cancer  patients  [8].  Accurate  evaluation  of  the  EGFR  status 
in  tumors  will  provide  guidance  for  EGFR  targeted  therapy 
either  by  antibodies  [9]  or  tyrosine  kinase  inhibitors  (TKIs) 
[10].  Analyzing  the  overexpression  of  EGFR  in  surgical 
specimens  is  most  commonly  accomplished  by  either 
immunohistochemical  (IHC)  staining  or  fluorescence  in  situ 
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hybridization  testing  [11,  12].  Currently,  various  non- 
invasive  molecular  imaging  modalities  are  under  intensive 
investigation  to  provide  the  comprehensive  diagnostic 
information  that  can  improve  patient  management  [13,  14]. 
Previously,  we  reported  the  first  quantitative  positron 
emission  tomography  (PET)  imaging  of  EGFR  expression 
in  xenograft-bearing  mice  using  64Cu  (ty 2=12.7  h)-labeled 
cetuximab  (Erbitux;  C255;  ImClone  and  Bristol-Myers 
Squibb)  [15],  a  mouse-human  chimeric  IgGi  mAb  that 
binds  with  high  affinity  to  EGFR  [16].  Using  up  to  seven 
xenograft  tumor  models,  the  tumor  uptake  of  64Cu-DOTA- 
cetuximab  measured  by  PET  had  good  linear  correlation 
(r2=0.80)  with  the  EGFR  expression  level  as  quantified  by 
Western  blotting  [15].  MicroPET  imaging  showed  that  64Cu- 
DOTA-cetuximab  had  increasing  tumor  activity  accumula¬ 
tion  over  time  in  EGFR-positive  tumors  but  relatively  low 
uptake  in  EGFR-negative  tumors  at  all  time  points  examined 
(<5  percentage  injected  dose  per  gram  of  tissue;  %  ID/g). 
The  ability  to  quantitatively  image  EGFR  expression  by  PET 
with  64Cu-DOTA-cetuximab  will  enable  future  evaluation 
of  EGFR  expression  level  upon  therapeutic  intervention. 

Non-invasive  monitoring  of  EGFR  expression  is  not  only 
crucial  to  EGFR-targeted  immunotherapy  or  radioimmuno¬ 
therapy  (RIT)  but  also  important  in  other  related  chemo¬ 
therapies.  Recently,  the  chaperone  heat  shock  protein 
(Hsp90)  has  emerged  as  a  promising  target  for  cancer 
therapy.  The  activity  of  Hsp90  promotes  the  attainment  and 
maintenance  of  proper  conformation  of  its  clients,  including 
EGFR,  HER-2,  Akt,  and  wild  type  or  mutated  androgen 
receptor,  which  are  of  potential  importance  in  mediating 
prostate  cancer  progression  [17-19].  An  Hsp90  inhibitor, 
geldanamycin  (GM),  has  been  shown  to  have  two  distinct 
effects  on  EGFR:  promoting  its  degradation  and  mediating 
its  intracellular  retention  [20].  It  has  also  been  reported  that 
17-allyamino-17-demethoxygeldanamycin  (17-AAG),  a 
GM-derived  Hsp90  inhibitor,  could  induce  the  degradation 
of  both  wild-type  and  mutant  form  EGFR  [21].  The 
chaperone-associated  degradation  of  EGFR  is  both  protea- 
some-  and  ubiquitin-dependent  [22].  17-AAG  possesses 
anti-tumor  activity  at  nontoxic  doses  in  various  animal 
models  [23],  and  phase  II  single-agent  studies  are  now  under 
way  in  patients  with  prostate  cancer  and  cancers  of  other 
organ  origins  [24]. 

The  assessment  of  early  response  to  anti-cancer  therapy 
can  improve  patient  care  by  identifying  patients  who  do  not 
respond  and,  therefore,  may  not  benefit  from  the  therapy. 
These  patients  can  greatly  benefit  from  avoiding  unnecessary 
toxic  side  effects  and  switching  to  different,  more  effective 
therapeutic  approaches  in  a  timely  manner.  Degradation  of 
HER-2,  another  client  protein  of  Hsp90,  in  a  human  breast 
cancer  xenograft  model  by  17-AAG  has  been  assessed  by 
PET  imaging  [25].  Compared  to  2-deoxy-2-[F-18]fluoro-D- 
glucose  (FDG)-PET,  which  measured  the  tumor  glucose 
metabolism,  PET  imaging  of  HER-2  expression  was  shown 
to  provide  more  accurate  information  for  early  tumor 
response  to  17-AAG  treatment  [26]. 


In  this  study,  we  treated  a  human  prostate  cancer  PC-3 
xenograft  model  with  17-AAG  and  carried  out  64Cu-DOTA- 
cetuximab  PET  before  and  after  treatment.  The  goal  of  this 
study  was  to  determine  whether  64Cu-DOTA-cetuximab 
PET  could  be  used  to  monitor  the  early  response  of  EGFR 
degradation  upon  anti-Hsp90  therapy  by  17-AAG. 


Materials  and  Methods 

All  commercially  available  chemical  reagents  were  used  without 
further  purification.  1,4,7,10-Tetraazadodecane-TV,  A',A",N'"-tetra- 
acetic  acid  (DOTA)  was  purchased  from  Macrocyclics,  Inc. 
(Dallas,  TX,  USA)  and  Chelex  100  resin  (50-100  mesh)  was 
purchased  from  Aldrich  (St.  Louis,  MO,  USA).  Water  and  all 
buffers  were  passed  though  Chelex  100  column  (1x15  cm)  before 
use  in  radiolabeling  procedures  to  ensure  that  the  aqueous  buffer  is 
heavy  metal  free.  PD- 10  desalting  columns  were  purchased  from 
GE  Healthcare  (Piscataway,  NJ,  USA).  Athymic  nude  mice  were 
obtained  from  Harlan  (Indianapolis,  IN,  USA)  at  4-6  weeks  of  age. 
64Cu  was  provided  by  the  University  of  Wisconsin-Madison.  The 
human  prostate  cancer  PC-3  cell  line  was  obtained  from  the 
American  Type  Culture  Collection  and  maintained  in  RPMI  1640 
medium  supplemented  with  10%  fetal  bovine  serum,  1%  glutamine, 
100  U/ml  penicillin,  and  100  mg/ml  streptomycin  (Invitrogen, 
Carlsbad,  CA,  USA). 

3-(4,  5-Dimethylthiazol-2-yl)-2,  5-Diphenyl 
Tetrazolium  Bromide  Assay 

The  toxicity  of  17-AAG  to  PC-3  cells  was  determined  by  3-(4,  5- 
dimethylthiazol-2-yl)-2,  5 -diphenyl  tetrazolium  bromide  (MTT) 
assay.  All  studies  were  performed  with  triplicate  samples  and 
repeated  at  least  three  times  independently.  Briefly,  cells  were 
harvested  by  trypsinization,  resuspended  in  RPMI  1640,  and  plated 
in  a  96-well  plate  at  3,000  cells  per  well.  At  72  h  after  treatment 
with  different  doses  of  17-AAG  (ranging  from  1  nM  to  2  pM)  in 
0.1%  dimethylsulfoxide  (DMSO;  Sigma,  St.  Louis,  MO,  USA),  the 
culture  medium  was  replaced  and  50  pi  of  1.0  mg/ml  sterile  filtered 
MTT  (Sigma)  was  added  to  each  well.  The  unreacted  dye  was 
removed  after  4  h,  and  the  insoluble  formazan  crystals  were 
dissolved  in  150  pi  of  DMSO.  The  absorbance  at  570  nm 
(reference  wavelength,  630  nm)  was  measured  with  a  Tecan 
microplate  reader  (Tecan,  San  Jose,  CA,  USA). 

Flow  Cytometry 

Twenty- four  hours  after  17-AAG  treatment,  PC-3  cells  were  har¬ 
vested  and  washed  with  phosphate-buffered  saline  (PBS)  con¬ 
taining  0.5%  bovine  serum  albumin  (BSA).  Upon  blockade  by  2% 
BSA  in  PBS,  the  cells  were  incubated  with  cetuximab  (10  pg/ml 
in  PBS  containing  2%  BSA).  Flourescein  isothiocyanate  (FITC)- 
conjugated  donkey  anti-human  IgG  (1:200)  was  then  added  and 
allowed  to  incubate  for  1  h  at  room  temperature.  After  washing, 
the  cells  were  analyzed  using  an  LSR  flow  cytometer  (Beckman 
Coulter,  Fullerton,  CA,  USA).  The  FITC  signal  intensity  was 
analyzed  using  the  Cell-Quest  software  (version  3.3,  Becton- 
Dickinson,  Franklin  Lakes,  NJ,  USA).  In  another  flow  cytometry 
study,  both  cetuximab  and  DOTA-centuximab  with  a  concentra¬ 
tion  of  1  or  0.01  pg/ml  were  used  under  the  same  procedure  as 
described  above. 
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Tumor  Model  and  Treatment  Protocol 

All  animal  experiments  were  performed  under  a  protocol  approved 
by  the  Stanford  University  Administrative  Panel  on  Laboratory 
Animal  Care  (A-PLAC). 

Subcutaneous  PC-3  tumor  models  were  established  in  4  to 
6-week-old  male  athymic  nude  mice.  Typically,  5xl06  cells 
suspended  in  100  pi  of  serum-free  RPMI  1640  medium  were 
injected  into  the  right  front  flank  of  the  mice.  The  mice  were 
subjected  to  microPET  imaging  studies  when  the  tumor  volume 
reached  200^-00  mm3  (3-4  weeks  after  inoculation).  Animals  in 
one  group  each  received  a  total  of  150  mg/kg  of  17-AAG  dissolved 
in  10%  DMSO  and  2%  egg  phospholipids  (EPL;  Avanti  Polar 
Lipid,  Alabaster,  AL,  USA)  over  a  24-h  period  in  three  doses  of 
50  mg/kg  each  (one  dose  every  8  h).  The  control  animals  were  each 
injected  with  equal  amounts  of  DMSO/EPL  without  17-AAG. 

MicroPET  and  Image  Analysis 

Detailed  procedures  for  DOTA  conjugation  and  DOTA  number 
measurement  have  been  reported  earlier  [15,  27].  64CuC12 
(74  MBq)  was  diluted  in  300  pi  of  0.1  M  sodium  acetate  buffer 
(pH  6.5)  and  added  to  50  pg  of  DOTA-cetuximab.  The  reaction 
mixture  was  incubated  for  1  h  at  40°C  with  constant  shaking.  64Cu- 
DOTA-cetuximab  was  then  purified  by  PD- 10  column  using  PBS 
as  the  mobile  phase.  PET  of  tumor-bearing  mice  was  performed  on 
a  microPET  R4  rodent  model  scanner  (Siemens  Medical  Solutions 
USA,  Inc.)  as  described  earlier  [15].  Twenty  four  hours  after  the 
last  dose  of  17-AAG  treatment,  the  mice  were  intravenously 
injected  with  64Cu-DOTA-cetuximab  (7-8  MBq/mouse),  and  static 
scans  were  acquired  at  4  and  24  h  post-injection  (p.i.).  For  each 
microPET  scan,  3D  regions  of  interest  (ROIs)  were  drawn  over  the 
tumor,  liver,  kidneys,  and  muscle  on  decay-corrected  whole-body 
coronal  images.  The  average  radioactivity  concentration  within  a 
tumor  or  an  organ  was  obtained  from  mean  pixel  values  within  the 
ROI  volume,  which  were  converted  to  counts  per  milliliter  per 
minute  by  using  a  conversion  factor.  Assuming  a  tissue  density  of 
1  g/ml,  the  counts  per  milliliter  per  minute  were  converted  to 
counts  per  gram  per  minute  and  then  divided  by  the  injected  dose 
(ID)  to  obtain  an  imaging  ROI-derived  %  ID/g. 

Biodistribution  Studies 

After  microPET  imaging,  mice  bearing  PC-3  tumor  xenografts  were 
sacrificed  and  dissected.  Blood,  tumor,  and  major  organ  tissues  were 
collected  and  weighed  (wet  weight).  The  radioactivity  in  each  tissue 
was  measured  using  a  y-counter  (Packard  Instrument),  and  the  results 
were  presented  as  %  ID/g.  For  each  mouse,  the  radioactivity  of  the 
tissue  samples  was  calibrated  against  a  known  aliquot  of  the  injectate 
and  normalized  to  a  body  mass  of  30  g.  Values  were  expressed  as 
mean  ±  SD  for  a  group  of  four  animals.  Mice  bearing  PC-3  tumors 
(n= 4)  were  also  injected  with  7-8  MBq  of  64Cu-DOTA-IgG! 
(Jackson  ImmunoResearch  Laboratories,  West  Grove,  PA,  USA) 
with  a  similar  procedure  as  described  above  to  evaluate  the  non¬ 
specific  uptake  of  64Cu-labeled  antibody  in  the  tumor. 

Western  Blot 

After  the  microPET  studies,  the  mice  were  sacrificed,  and  the  tumor 
tissues  were  harvested  and  stored  at  -80°C.  Tumor  tissue  protein 
was  extracted  using  T-PER  tissue  protein  extraction  buffer  (Pierce 
Biotechnology,  Rockford,  IL,  USA)  after  the  radioactivity  had 
mostly  decayed,  and  the  concentration  of  total  protein  was  deter¬ 


mined  using  a  microBCA  protein  assay  kit  (Pierce  Biotechnology). 
After  sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis 
separation  of  40  pg  of  total  protein,  it  was  transferred  to  a 
polyvinylidene  fluoride  membrane  (Invitrogen)  and  incubated  at 
room  temperature  with  5%  non-fat  milk  blocking  buffer.  The  blots 
were  then  incubated  overnight  at  4°C  with  cetuximab,  followed  by 
incubation  at  room  temperature  for  1  h  with  horseradish-peroxidase- 
conjugated  anti-human  antibody  (GE  Healthcare,  Piscataway).  The 
bands  were  detected  using  an  ECL  Western  blotting  detection  system 
(GE  Healthcare,  Piscataway)  with  a-tubulin  as  the  loading  control. 

Immunofluorescence  Staining 

Frozen  PC-3  tumor  sections  (5 -pm  thick)  were  warmed  to  room 
temperature,  fixed  with  ice-cold  acetone  for  10  min,  and  dried  in 
the  air  for  30  min.  The  sections  were  rinsed  in  PBS  for  2  min  and 
blocked  in  10%  donkey  serum  for  20  min  at  room  temperature.  The 
sections  were  incubated  with  cetuximab  (10  pg/ml)  for  1  h  at  room 
temperature  and  visualized  with  FITC-conjugated  donkey  anti¬ 
human  secondary  antibody  (1:200,  Jackson  ImmunoResearch 
Laboratories)  under  a  microscope  (Axiovert  200M,  Carl  Zeiss 
USA,  Thomwood,  NY).  Images  were  acquired  under  the  same 
conditions  and  displayed  at  the  same  scale. 

Statistical  Analysis 

Quantitative  data  were  expressed  as  mean  ±  SD.  Means  were 
compared  using  one-way  ANOVA  and  Student’s  t  test.  P  values < 
0.05  were  considered  statistically  significant. 


Results 

17-AAG  Inhibits  PC-3  Cell  Growth  and  Induces 
EGFR  Degradation 

The  effect  of  17-AAG  on  the  cellular  proliferation  of  PC-3 
cells  was  assessed  by  MTT  colorimetric  assay.  We  found  that 
17-AAG  inhibited  cell  proliferation  in  a  dose-dependent 
manner  (Fig.  la).  The  IC50  value  was  about  68.7  nM  at  the 
72-h  time  point.  After  being  treated  with  0.5  pM  of  17-AAG 
for  72  h,  the  cell  proliferating  rate  decreased  to  39.5%  of  the 
control  (treated  with  equal  concentrations  of  DMSO  in  the 
absence  of  17-AAG). 

17-AAG  has  been  reported  to  down-regulate  EGFR 
expression  in  spite  of  inhibition  of  the  Hsp90  function  [21, 
28].  Next,  we  performed  flow  cytometry  analysis  using 
cetuximab  as  the  primary  antibody  to  assess  the  effect  of 
17-AAG  on  EGFR  expression  level  in  PC-3  cells.  As  shown 
in  Fig.  lb,  17-AAG  significantly  decreased  EGFR  expres¬ 
sion.  After  incubation  with  0.5  pM  of  17-AAG  for  24  h,  the 
EGFR  level  dropped  by  2.2-fold.  These  findings  suggest 
that  EGFR  degradation  is  a  potential  indicator  of  the  early 
response  of  PC-3  cells  to  17-AAG  treatment. 

MicroPET  Imaging  of  EGFR  Degradation 

64Cu-DOTA-cetuximab  was  determined  to  have  2 1.5 ±2.2 
DOTA  residues  per  cetuximab,  and  control  human  IgGi  had 
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Fig.  1 .  a  The  cytotoxic  effect  of  1 7-AAG  on  human  prostate 
cancer  PC-3  cells.  PC-3  cells  were  treated  with  serial 
concentrations  of  17-AAG  for  72  h,  and  the  cell  proliferation 
was  determined  by  MTT  assay,  b  Flow  cytometric  analysis  of 
EGFR  expression  on  PC-3  cells.  Solid  line  Untreated  cells, 
dotted  line  17-AAG-treated  cells,  solid  line  with  shadow 
negative  control  with  secondary  antibody  only.  Cetuximab 
was  used  as  the  primary  antibody,  and  FITC-conjugated 
donkey  anti-human  IgG  was  used  as  secondary  antibody. 
The  mean  value  of  FITC  signal  intensity  of  the  three 
measurements  were  also  shown  (mean  ±  SD).  c  Immunore- 
activity  of  DOTA-cetuximab,  and  cetuximab  is  determined  by 
flow  cytometry  with  PC-3  cells.  *P< 0.05. 


24.08±0.42  DOTA  residues  (n= 4).  The  specific  activity  of 
64Cu-DOTA-cetuximab  was  1.24±0.13  GBq/mg  mAb,  and 
the  radiolabeling  yield  was  84.0±8.7%  (/7=5)  [15].  As 
shown  in  Fig.  lc,  there  was  minimal  reduction  in  the 
immunoreactivity  of  cetuximab  after  DOTA  conjugation. 
Our  previous  study  revealed  that  the  uptake  of  64Cu-DOTA- 
cetuximab  in  the  PC-3  tumor  reached  a  plateau  at  about  24  h. 
Hence,  in  this  study,  the  PC-3  tumor-bearing  mice  were 
scanned  at  4  and  24  h  p.i.  of  64Cu-DOTA-cetuximab.  The 


Fig.  2.  a  MicroPET  images  of  PC-3  tumor-bearing  nude 
mice  at  4  and  24  h  after  intravenous  injection  of  64Cu-DOTA- 
cetuximab  with  or  without  17-AAG  treatment  (n= 4  per 
group).  Decay-corrected  whole-body  coronal  images  that 
contain  the  tumor  were  shown,  and  the  tumors  are  indicated 
by  white  arrows,  b  PC-3  tumor  uptake  of  64Cu-DOTA- 
cetuximab  as  quantified  from  microPET  scans  (n= 4).  *P< 0.05. 
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decay-corrected  whole-body  coronal  images  that  contained 
the  tumor  are  shown  in  Fig.  2a.  After  being  treated  with 
17-AAG  for  24  h,  the  PC-3  tumor  uptake  of  64Cu-DOTA- 
cetuximab  was  much  lower  in  both  early  and  late  time  points 
as  compared  with  the  untreated  group.  Quantitative  data 
based  on  ROI  analysis  are  shown  in  Fig.  2b.  In  untreated 
mice,  the  PC-3  tumor  uptake  of  64Cu-DOTA-cetuximab  was 
5.8±1.7%  ID/g  and  14.6±2.6%  ID/g  at  4  and  24  h  p.i., 
respectively.  The  uptake  in  17-AAG-treated  tumors  was 
significantly  lower,  3. 3 ±0.3%  ID/g  and  8. 9 ±1.6  %ID/g 
at  4  and  24  h  p.i.,  respectively  (P< 0.05  at  both  time 
points;  n= 4).  There  were  no  significant  difference  of  64Cu- 
DOTA-cetuximab  uptake  in  other  major  organs  between 
the  17-AAG-treated  group  and  untreated  animals. 

Biodistribution  Studies 

After  microPET  imaging  at  24  h  p.i.,  the  animals  were 
sacrificed  for  biodistribution  studies,  and  the  results  are 
shown  in  Fig.  3.  The  untreated  PC-3  tumor  had  a  high  tracer 
uptake  of  17. 6 ±5. 3%  ID/g,  consistent  with  the  non-invasive 
microPET  imaging  results.  After  17-AAG  treatment,  the 
uptake  decreased  significantly  (P<0.05)  to  10.1  ±0.7%  ID/g. 
The  liver  also  had  prominent  radioactivity  accumulation, 
with  an  uptake  of  17.1  ±4.2%  ID/g  at  24  h  p.i.,  because  of 
both  the  hepatic  clearance  of  antibody-based  tracer  and 
possible  trans-chelation.  Blood  activity  concentration  was 
7.9±3.1%  ID/g  at  24  h  p.i.,  indicating  the  long  circulation 
life  time  of  the  antibody.  Compared  with  64Cu-DOTA- 
cetuximab,  64Cu-DOTA-IgGi  has  a  higher  blood  concen¬ 
tration  (14.3±2.4%  ID/g)  and  lower  liver  uptake  (7.4±1.8% 
ID/g).  The  non-specific  accumulation  of  64Cu-DOTA-IgGi 
in  the  PC-3  tumor  (because  of  the  leaky  vasculature  and  lack 
of  lymphatic  drainage  in  the  tumor)  was  very  low  (4.3  ±0.5% 
ID/g  at  24  h  p.i.;  ^<0.01  compared  with  the  control), 
confirming  the  EGFR  specificity  of  64Cu-DOTA-cetuximab 
uptake  in  the  PC-3  tumor. 


Immunofluorescence  Staining  and  Western  Blot 

To  further  confirm  that  17-AAG  induces  EGFR  degradation 
in  vivo ,  we  performed  immunofluorescence  staining  using 
cetuximab  as  the  primary  antibody  and  Cy3 -conjugated 
donkey  anti-human  IgG  as  the  secondary  antibody.  Images 
were  taken  under  the  same  condition  and  displayed  at  the 
same  scale  to  make  sure  that  the  relative  brightness  observed 
in  the  images  reflected  the  difference  in  EGFR  expression 
level.  In  the  untreated  PC-3  tumor,  EGFR  expression  was 
very  high  as  indicated  by  the  strong  pseudo-colored  red 
signal  in  the  tissue  (Fig.  4a).  After  treated  with  17-AAG, 
EGFR  expression  was  apparently  lower  with  a  much  weaker 
fluorescence  signal.  Western  blot  of  the  tumor  tissue  lysate 
using  cetuximab  as  the  primary  antibody  also  revealed  that 
EGFR  expression  level  in  the  PC-3  tumor  decreased 
dramatically  upon  17-AAG  treatment  (Fig.  4b).  Taken 
together,  biodistribution  studies,  immunofluorescence  stain¬ 
ing,  and  Western  blot  all  confirmed  that  the  decrease  in 
tumor  EGFR  expression  level  upon  17-AAG  treatment  can 
be  non-invasively  monitored  by  64Cu-DOTA-cetuximab 
PET. 

Discussion 

In  this  study,  we  utilized  a  64Cu-labeled  anti-EGFR  mAb 
for  the  non-invasive  monitoring  of  EGFR  degradation,  upon 
17-AAG  treatment,  with  microPET.  The  study  demonstrated 
that  quantitative  PET  imaging  of  EGFR  expression  can 
detect  the  early  response  to  17-AAG  treatment  in  prostate 
tumors.  In  vitro ,  florescence-activated  cell  sorting  (FACS) 
analysis  revealed  that  EGFR  expression  level  in  PC-3  cells 
decreased  by  2.2-fold  after  incubation  with  0.5  pM  of 
17-AAG  for  24  h.  In  vivo ,  64Cu-DOTA-cetuximab  had 
significantly  lower  PC-3  tumor  uptake  when  treated  with  the 
Hsp90  inhibitor  17-AAG  (8.9%  ID/g  vs  14.6%  ID/g  at  24  h 
p.i.).  It  is  worth  mentioning  that  17-AAG  treatment  did  not 
completely  ablate  the  EGFR  expression  either  in  vitro  or  in 


Fig.  3.  Biodistribution  of  64Cu-DOTA-cetuximab  (with  or  without  17-AAG  treatment)  and  64Cu-DOTA-lgG-i  in  PC-3  tumor¬ 
bearing  mice  at  24  h  post-injection  (n= 4  for  each  group).  *P< 0.05;  **P< 0.01. 
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Control  IT^AAG 

Fig.  4.  a  Immunofluorescence  staining  of  EGFR  in  17-AAG -treated  and  untreated  PC-3  tumor  tissues.  Images  were  obtained 
under  the  same  conditions  and  displayed  at  the  same  magnification  and  scale  (x200).  b  Western  blot  of  EGFR  in  PC-3  tumors 
treated  or  untreated  with  17-AAG.  Cetuximab  was  used  as  the  primary  mAb. 


vivo,  based  on  in  vitro  FACS  analysis,  in  vivo  microPET 
imaging,  ex  vivo  biodistribution  studies,  immunofluores¬ 
cence  staining,  and  Western  blot. 

Of  the  four  HER  family  members,  both  EGFR  and  HER- 
2  have  been  established  as  clients  of  Hsp90  [29,  30].  The 
interaction  with  Hsp90,  as  well  as  the  regulation  by  Hsp90, 
differs  between  the  two  receptors,  although  the  kinase 
domains  of  both  receptors  are  responsible  for  the  recruitment 
of  Hsp90,  and  these  domains  share  80%  identity  in  their 
amino-acid  sequences  [29].  HER-2  is  dependent  upon  Hsp90 
throughout  its  whole  life  span,  including  the  maturation 
process  in  the  endoplasmic  reticulum  (ER)  and  during  its 
residency  at  the  plasma  membrane.  On  the  other  hand, 
EGFR  is  only  dependent  upon  Hsp90  during  its  maturation 
in  the  ER  [31].  HER-2 -targeted  PET  imaging  with  antibody 
fragments  or  affibodies  has  been  used  to  monitor  the 
therapeutic  response  of  Hsp90  inhibitors  in  human  breast 
cancer  models  with  high  HER-2  expression  [25,  26,  32]. 
However,  HER-2  expression  is  typically  much  lower  in 
tumors  other  than  breast  and  ovarian  tumors,  in  which  HER- 
2  imaging  has  only  limited  applications.  PC-3  cells  had  low 
HER-2  expression  and  17-AAG  treatment  induced  only 
minimal  HER-2  degradation  (data  not  shown).  Thus,  we 
chose  to  image  EGFR  degradation  instead  of  HER-2  in 
this  study. 


We  have  studied  the  effect  of  different  levels  of  DOTA 
conjugation  on  the  tumor  uptake  of  the  resulting  64Cu- 
labeled  antibody.  Five  different  DOTA:  antibody  reaction 
ratios  (20:1,  50:1,  100:1,  200:1,  and  1,000:1)  were  tested, 
and  it  was  found  that  all  five  conjugates  with  different 
DOT  A/antibody  ratio  exhibited  good  tumor  contrast  in  target 
expressing  tumor  models  [33].  Our  previous  study  has 
demonstrated  the  linear  correlation  between  the  tumor 
uptake  of  64Cu-DOTA-cetuximab  (measured  by  microPET) 
and  the  tumor  EGFR  expression  level  (measured  by  Western 
blot)  in  seven  xenograft  models  including  PC-3  [15],  which 
provided  the  basis  for  this  study  because  only  quantitative 
PET  imaging  can  allow  for  effective  and  non-invasive 
monitoring  of  the  treatment  efficacy.  After  DOTA  conjuga¬ 
tion,  cetuximab  retained  a  slightly  decreased  but  acceptable 
immunoreactivity  (Fig.  lc).  In  this  study,  64Cu-labeled 
human  IgGi  was  also  used  as  a  negative  control  to  evaluate 
the  non-specific  tumor  uptake  resulting  from  the  leaky 
vasculature  of  tumors.  At  24  h  p.i.,  64Cu-DOTA-IgGi 
accumulation  in  PC-3  tumors  (<5.0%  ID/g)  was  much  lower 
than  64Cu-DOTA-cetuximab,  consistent  with  previous 
reports  on  radio-labeled  antibodies  [34,  35].  The  reason  for 
the  relatively  higher  circulating  concentration  and  lower 
liver  uptake  of  64Cu-DOTA-IgG!  compared  with  64Cu- 
DOTA-cetuximab  was  unknown.  The  different  pharmaco- 


G.  Niu,  et  al.:  micorPET  Imaging  of  EGFR  after  17-AAG  Treatment 


kinetics  of  individual  antibody  even  if  they  are  isotype- 
matched,  as  well  as  the  variant  influence  of  DOTA 
conjugation  on  the  pharmacokinetics  of  different  antibody, 
may  be  partially  responsible  for  such  discrepancy  [36]. 

The  slow  clearance  of  antibody-based  tracers  (e.g., 
cetuximab)  potentially  makes  them  unsuitable  for  multiple 
microPET  scans  within  short-time  intervals.  For  such 
purposes,  shorter  half-life  radioisotopes  such  as  18F-  (ty2= 
110  min)  or  68Ga  (^1/2=68  min)-labeled  small  molecules, 
peptides,  antibody  fragments,  or  affibodies  should  be  tested 
in  the  future.  Trans-chelation  may  present  a  problem  for 
radiocopper-labeling  through  DOTA  chelator.  However,  we 
have  found  that  64Cu-DOTA  complex  is  very  stable  when 
attached  to  macromolecules  or  nanoparticles,  with  the 
majority  of  the  64Cu  label  remaining  intact  after  incubation 
in  full  mouse  serum  at  37°C  for  24  h  [37].  Nonetheless, 
other  chelators  suitable  for  more  stable  64Cu-labeling  under 
mild  conditions  should  be  investigated  further  in  the  future. 
CB-TE2A,  4,1  l-bis(carboxymethyl)-l,4,8,l  1-tetraazabicyclo 
[6.6.2]hexadecane,  has  been  reported  to  be  superior  than 
DOTA  for  overcoming  trans-chelation  [38].  However,  the 
relatively  harsh  reaction  conditions  may  not  be  optimal  for 
antibody  labeling. 

Quantitative  PET  of  EGFR  expression  can  be  applied  to 
other  EGFR-positive,  17-AAG-sensitive  cancer  types  to 
monitor  therapeutic  effects  during  the  early  stages  of 
treatment.  It  may  also  be  used  in  other  therapeutic  strategies 
in  which  EGFR  expression  is  regulated  upon  treatment.  For 
example,  histone  deacetylase  (HD AC)  is  capable  of  regulat¬ 
ing  gene  expression  through  diverse  mechanisms  that 
include  modulation  of  the  histone  code  and  acetylation  of 
many  non-histone  proteins  [39,  40].  HD  AC  inhibitors  of 
diverse  structures  have  shown  preclinical  and  clinical 
promise  as  cancer  therapeutics  [41].  Moreover,  given  that 
HDAC  inhibitors  have  been  reported  to  reduce  EGFR 
expression  [42,  43],  PET  imaging  of  EGFR  expression  could 
also  be  utilized  to  predict  the  therapeutic  response  upon 
HDAC  inhibitor  therapy  soon  after  initiation  of  the  treatment. 

In  summary,  we  describe  in  this  paper  the  use  of 
quantitative  PET  imaging  of  EGFR  expression  with  64Cu- 
DOTA-cetuximab  for  monitoring  the  early  therapeutic 
response  upon  17-AAG  treatment  in  a  human  prostate 
cancer  PC-3  tumor  model.  The  quantification  of  EGFR 
degradation  upon  17-AAG  treatment  using  PET  imaging  is 
consistent  with  other  in  vitro  and  ex  vivo  measurements.  This 
strategy  may  be  applied  to  monitor  the  therapeutic  response 
in  EGFR-positive  cancer  patients  under  17-AAG  treatment. 
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HSP70  promoter-driven  gene  therapy  and  inhibition  of  HSP90  activity  with  small  molecule  inhibitors 
are  two  shining  points  in  a  newly  developed  cohort  of  cancer  treatment.  For  HSP70  promoters,  high 
efficiency  and  heat  inducibility  within  a  localized  region  make  it  very  attractive  to  clinical  translation. 
The  HSP90  inhibitors  exhibit  a  broad  spectrum  of  anticancer  activities  due  to  the  downstream  effects 
of  HSP90  inhibition,  which  interfere  with  a  wide  range  of  signaling  processes  that  are  crucial  for  the 
malignant  properties  of  cancer  cells.  In  this  review  article,  we  summarize  exciting  applications  of  newly 
emerged  molecular  imaging  techniques  as  they  relate  to  HSP,  including  protein-protein  interactions  of 
HSP90  complexes,  therapeutic  response  of  tumors  to  HSP90  inhibitors,  and  HSP70  promoters-controlled 
gene  therapy.  In  the  HSPs  context,  molecular  imaging  is  expected  to  play  a  vital  role  in  promoting  drug 
development  and  advancing  individualized  medicine. 

©  2009  Elsevier  Ireland  Ltd.  All  rights  reserved. 


1.  Introduction 

Molecular  imaging  is  “the  visualization,  characterization,  and 
measurement  of  biological  processes  at  the  cellular  and  molecular 
levels  in  humans  and  other  living  systems”  [1  ].  Molecular  imaging 
is  a  powerful  new  research  tool  that  has  only  been  made  feasi¬ 
ble  by  recent  collaborative  developments  from  diverse  fields  such 
as  multiple  image-capture  techniques,  cell  and  molecular  biology, 
chemistry,  medicine,  pharmacology,  medical  physics,  biomathe¬ 
matics  and  bioinformatics.  Advanced  multiple  molecular  imaging 
modalities  have  shed  new  light  on  a  wide  range  of  biomedical  top¬ 
ics,  including  imaging  specific  cellular  and  molecular  processes  like 
gene  expression  or  protein-protein  interactions  to  optimize  drug 
and  gene  therapies  [2].  In  this  review,  after  a  brief  introduction  of 
molecular  imaging  and  heat  shock  proteins  (HSPs),  we  discussed 
some  important  applications  of  molecular  imaging  for  HSPs,  mainly 
HSP70  and  HSP90. 

2.  Molecular  imaging 

A  molecular  imaging  agent  typically  has  three  main  compo¬ 
nents:  the  targeting  carrier,  the  imaging  label,  and  a  linker  moiety 
(Fig.  1)  although  in  some  cases  only  one  or  two  components 
also  have  the  full  function  [3].  To  date,  a  wide  range  of  molecu¬ 
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lar  imaging  modalities  are  available,  including  techniques  such  as 
the  positron  emission  tomography  (PET),  single-photon  emission 
computed  tomography  (SPECT),  molecular  magnetic  resonance 
imaging  (mMRI),  magnetic  resonance  spectroscopy  (MRS),  contrast 
enhanced  ultrasound  (CEU),  optical  bioluminescence,  and  optical 
fluorescence  [2,4]. 

At  present,  PET  is  considered  the  most  sensitive  and  specific 
technique  for  imaging  molecular  pathways  in  vivo  in  humans  [5]. 
With  probes  labeled  with  positron-emitting  radionuclides,  PET 
produces  a  three-dimensional  image  or  map  of  functional  pro¬ 
cesses  in  the  body.  Another  radionuclide-based  imaging  modality 
is  SPECT.  Due  to  its  use  of  lead  collimators  to  define  the  angle 
of  incidence,  however,  SPECT  imaging  has  a  relatively  low  detec¬ 
tion  efficiency  (<10-4  times  the  emitted  number  of  gamma  rays) 
[6]. 

Non-radionuclide-based  imaging  techniques  include  MRI,  ultra¬ 
sound,  and  optical  imaging.  MRI  is  a  non-invasive  diagnostic 
technique  based  on  the  interactions  of  protons  (or  other  nuclei) 
with  one  other  and  with  surrounding  molecules  in  a  tissue  of 
interest  [7].  Different  tissues  have  different  relaxation  times  that 
can  result  in  endogenous  contrast.  The  major  advantages  of  MRI 
over  radionuclide-based  imaging  are  the  absence  of  radiation  and 
higher  spatial  resolution  (usually  sub-millimeter  level).  The  major 
disadvantage  of  MRI  is  its  inherent  low  sensitivity,  which  can  be 
partially  compensated  by  working  at  higher  magnetic  fields  (4.7-14 
T),  acquiring  data  for  longer  time  periods  during  imaging,  and  using 
exogenous  contrast  agents.  For  ultrasound  imaging,  high-frequency 
sound  waves  are  emitted  from  a  transducer  placed  against  the 
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Fig.  1.  An  imaging  agent  is  typically  composed  of  an  imaging  label,  a  carrier  that 
is/contains  a  targeting  ligand,  and  a  linker  between  the  carrier  and  the  label. 


skin  and  ultrasound  images  are  obtained  based  on  the  sound  wave 
reflected  back  from  the  internal  organs.  The  contrast  of  ultrasound 
is  dependent  on  the  sound  speed,  sound  attenuation,  backscat- 
ter,  and  the  imaging  algorithm  [8].  Because  of  its  safety,  low  cost, 
ease  of  use,  and  wide  availability,  ultrasonography  is  one  of  the 
most  commonly  used  clinical  imaging  modalities  [9].  Ultrasound 
contrast  agents  have  been  used  in  the  clinic  for  applications  such 
as  blood  pool  enhancement,  characterization  of  liver  lesions,  and 
perfusion  imaging  [10,11].  These  contrast  agents  are  generally  in 
the  form  of  small  acoustically  active  particles  ranging  from  several 
hundred  nanometers  to  a  few  micrometers  in  diameter.  X-ray  com¬ 
puterized  tomography  (CT)  is  a  medical  imaging  method  that  uses 
digital  geometry  processing  to  generate  a  3-D  image  of  the  internals 
of  an  object  from  a  large  series  of  two-dimensional  X-ray  images 
taken  around  a  single  axis  of  rotation  [12].  However,  CT  is  not  a  typ¬ 
ical  molecular  imaging  modality  due  to  the  lack  of  target-specific 
contrast  agents. 

Two  main  branches  of  optical  imaging  are  fluorescence  imaging 
and  bioluminescence  imaging.  In  fluorescence  imaging,  excitation 
light  illuminates  the  subject,  and  a  charge-coupled  device  (CCD) 
camera  collects  the  emission  light  at  a  shifted  wavelength  [2].  A 
number  of  high-resolution  microscopic  imaging  techniques  have 
recently  been  developed  to  study  molecular  events  in  vivo.  In 
particular,  intravital  fluorescence  microscopy  [13],  confocal  laser 
scanning  microscopy  [14],  multiphoton  laser  scanning  microscopy 
[15],  and  in  situ  scanning  force  microscopy  [16]  have  recently  been 
introduced.  The  major  limitation  of  optical  imaging  is  that  tissue 
light  scattering  and  absorption  can  affect  both  image  resolution 
and  depth  of  light  penetration  of  tissues  [4].  Optical  coherence 
tomography  (OCT),  an  imaging  technique  with  higher  spatial  res¬ 
olutions  (typically  10-15  pan),  allows  for  real-time,  cross-sectional 
imaging  through  biological  tissues  [17].  A  series  of  fluorescent  pro¬ 
teins,  such  as  the  green  fluorescent  protein,  have  also  enabled 
sophisticated  studies  of  protein  function  and  wide-ranging  pro¬ 
cesses  from  gene  expression  to  second-messenger  cascades  and 
intercellular  signaling,  typically  through  fusion  protein  approach 
rather  than  through  direct  labeling  [18].  Bioluminescence  imaging 
(BLI)  is  based  on  the  expression  of  a  light-emitting  enzyme  (such 
as  firefly  luciferase)  in  target  cells  and  tissues  [19].  In  the  pres¬ 
ence  of  its  substrate  (such  as  D-luciferin),  an  energy-dependent 
reaction  releases  photons  that  can  be  detected  using  sensitive 
detection  systems.  BLI  has  been  applied  for  various  applications 
such  as  studying  gene-expression  patterns  [19],  measuring  gene 
transfer  efficiency  [20],  monitoring  tumor  growth  and  response 
to  therapy  [21],  investigating  protein-protein  interactions  in  vivo 
[22,23  ],  and  determining  the  location  and  proliferation  of  stem  cells 
[24]. 


3.  Heat  shock  proteins 

Following  exposure  to  protein-damaging  environmental 
stresses,  cells  dramatically  increase  the  expression  of  a  group  of 
proteins  as  an  adaptive  response  to  enhance  protein  renaturation, 
restore  homeostasis,  and  improve  survival— a  process  termed  the 
“heat  shock  response”  [25].  These  heat  shock  proteins  are  named 
according  to  the  approximate  relative  molecular  weights  of  their 
encoded  proteins,  including  HSP10,  HSP27,  HSP40,  HSP60,  HSP70, 
HSP90  and  HSP110  [26,27].  The  cytoprotective  properties  of  the 
HSPs  are  closely  linked  to  their  primary  functions  as  molecular 
chaperones  [26]. 

HSP70  and  HSP90  families  are  principal  holding  proteins  which 
bind  to  unfolded  sequences  in  polypeptide  substrates  and  show 
preference  for  hydrophobic  regions  [28].  HSP70  and  HSP90  func¬ 
tion  in  large  complexes  or  ‘chaperone  machines’  containing  several 
accessory  proteins  or  co-chaperones  that  bind  the  primary  chaper¬ 
one  to  mediate  substrate  selection  and  cycles  of  association  with, 
and  disassociation  from,  the  substrate  [29].  After  completion  of 
their  molecular  chaperone  function,  HSP70  and  HSP90  are  actively 
released  from  protein  substrates  by  means  of  their  intrinsic  ATPase 
domains  [26]. 

In  addition  to  serving  as  molecular  chaperones,  HSPs  also  have 
key  functions  in  controlling  cellular  metabolism.  Cell  regulation 
by  molecular  chaperones  is  mediated  by  the  holding  ability  of 
HSP70  and  HSP90,  each  of  which  can  bind  stably  to  several  regula¬ 
tory  molecules  [29].  By  interacting  with  key  regulatory  proteins, 
HSP90  has  a  principal  role  in  regulating  mitogenesis  and  cell- 
cycle  progression,  whereas  HSP70  is  closely  involved  in  guarding 
against  programmed  cell  death  (PCD).  Numerous  cellular  proteins 
undergo  synchronous  unfolding  owing  to  the  chaotropic  effects  of 
heat,  which  can  lead  to  the  cellular  catastrophe  of  protein  aggre¬ 
gation.  Such  protein  aggregation  is  deterred  by  engagement  of  the 
heat-shock  response  and  the  accompanying  abundant  expression 
of  the  HSP  cohort,  which  recognizes  denatured  proteins  through  the 
holding  properties  of  HSP27,  HSP70  and  HSP90,  and  subsequently 
refolds  them  with  the  aid  of  chaperonins  [30].  In  addition,  because 
protein  denaturation  and  aggregation  are  powerful  triggers  of  PCD, 
HSPs  have  developed  powerful  anti-apoptotic  properties  that  deter 
PCD  [29]  and  thus  permit  a  time  window  for  subsequent  repair  of 
the  proteome  [31].  The  massive  upregulation  of  HSPs  that  occurs 
during  heat  shock  involves  facilitation  of  expression  at  different 
levels,  including  activation  of  the  potent  heat-shock  transcription 
factor  1  (HSF1),  stabilization  of  HSP  mRNA,  selective  translation  of 
HSPs,  and  stabilization  of  HSPs  at  the  protein  level  [32]. 

4.  HSP90  and  cancer 

HSP90  is  a  key  member  of  molecular  chaperones  that  pro¬ 
mote  the  proper  folding  of  nascent  polypeptides  and  ensure  that 
protein-protein  interactions  occur  in  a  productive  manner  under 
basal  conditions  [33].  HSP90  is  an  ATP-dependent  molecular  chap¬ 
erone  that  forms  a  constitutive  dimer.  The  N-terminal  domain  of 
HSP90  contains  a  unique  ATP-binding  site  termed  the  Bergerat  fold 
[34],  which  is  essential  for  the  ATP-dependent  function  of  the  chap¬ 
erone  in  vitro  and  in  vivo.  Compared  to  other  chaperones,  HSP90 
binds  to  substrate  proteins  that  are  at  a  later  stage  of  folding  [35]. 
Another  unique  characteristic  of  HSP90  is  that  it  targets  a  specific 
set  of  client  proteins  that  are  mainly  involved  in  signal  transduction 
pathways  including  wild-type  and  mutated  AR,  p53,  HER2,  and  Akt 
[29,36-38]. 

The  HSP90  complex  consist  of  the  chaperone  HSP70  and  its  co¬ 
chaperone  HSP40,  adapter  protein  Hop/p60,  protein  p23,  and  other 
helper  proteins.  The  interactions  between  HSP90  and  many  of  its  co¬ 
chaperones  occur  within  the  C-terminal  domain  [29].  The  dynamic 
interactions  of  HSP90  with  its  co-chaperones  and  client  proteins 
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Fig.  2.  HSP90  mechanism  of  function.  (A)  The  maturation  of  steroid  hormone  receptor  as  mediated  by  HSP90.  (B)  The  proposed  nucleotide-dependent  conformational  changes 
in  HSP90  [123]. 


are  regulated  via  its  intrinsic  ATPase  activity  [39].  Repeated  rounds 
of  ATP  hydrolysis  promote  and  maintain  proper  client  protein  con¬ 
formation;  subsequently,  clients  can  be  released  to  perform  their 
cellular  duties.  If  the  client  protein  fails  to  attain  its  proper  con¬ 
formation,  or  if  it  fails  to  encounter  a  requisite  ligand  or  binding 
partner,  it  will  be  degraded  via  the  26S  proteasome  (Fig.  2)  [40]. 

There  is  growing  evidence  that  HSP90  plays  an  important  role 
in  the  progress  of  the  malignant  disease.  Elevated  HSP90  levels 
have  been  observed  in  patients  who  suffer  from  various  forms  of 
cancer,  including  breast,  brain,  colon,  and  lung  cancers  [41,42].  Inhi¬ 
bition  of  extracellular  HSP90a,  which  localizes  to  the  extracellular 
space  in  aggressive  melanoma  cells,  decreases  both  MMP2  activity 
and  tumor  invasiveness,  evidence  that  HSP90  may  directly  influ¬ 
ence  the  metastatic  process  in  tumors  [43].  In  addition,  HSP90  is 
more  extensively  engaged  with  multiprotein  complexes  in  tumor 
cells  as  compared  to  their  normal  counterparts,  which  suggests 
that  tumor  cells  require  greater  HSP90  activity  [44].  One  explana¬ 
tion  of  tumor  cells’  need  for  HSP90  is  that  tumor  cells  proliferate 
more  rapidly,  hence  requiring  more  client  proteins  to  be  processed. 
In  addition,  tumors  often  exist  in  hostile,  nutrient-poor  environ¬ 
ments  that  could  promote  protein  unfolding  [45].  Furthermore, 
tumors  often  harbor  an  enormous  mutational  load.  Such  mutations 
may  lead  to  extensive  protein  mis-folding,  thereby  generating  a 
higher  concentration  of  client  proteins  that  require  assistance  from 
HSP90,  including  natural  binding  partners  and  novel  clients  such 
as  the  unique  fusion  oncoproteins  BCR-ABL  and  NPM-ALK  [45,46]. 
Another  intriguing  possibility  is  that  HSP90  might  serve  as  a  bio¬ 
chemical  “buffer”  in  tumor  cells,  maintaining  phenotypic  normalcy 
in  a  highly  stressful  environment  [47,48].  HSP90  might  facilitate 
the  ability  of  these  cells  to  tolerate  the  accumulation  of  mutations 
during  malignant  transformation  and  progression. 

5.  Cancer  treatment  through  inhibition  of  HSP90 

ATP  hydrolysis-dependent  release  of  HSP90  from  the  complex  is 
the  last  step  in  HSP90  client  protein  cycle.  Occupancy  of  the  HSP90 
pocket  by  ansamycins  results  in  an  inactive  HSP90-protein  com¬ 
plex  which  is  then  degraded  by  a  ubiquitin-dependent  mechanism 
[49,50].  One  of  the  inhibitors  of  HSP90  chaperone  protein,  17- 
allyamino-17-demethoxygeldanamycin  (17-AAG),  is  now  in  phase 
II  clinical  trial  against  melanoma,  breast,  prostate,  and  thyroid  can¬ 
cers.  17-AAG  binds  to  HSP90  with  high  affinity  in  its  N-terminal 
nucleotide  binding  pocket  [51],  promoting  the  destabilization  of 
most  HSP90  client  proteins  [52].  A  problem  in  targeting  HSP90 


concerns  the  side  effects  of  drugs  that  could  impair  normal  cel¬ 
lular  functions.  Kamal  et  al.  [44]  have  shown  that  HSP90  in  tumor 
cells  exists  predominantly  in  multi-protein  complexes,  with  a  scant 
presence  in  normal  cells.  The  complex,  activated  form  of  HSP90 
in  tumors  was  shown  to  possess  a  much  higher  affinity  for  17- 
AAG;  similarly,  following  systemic  administration  to  mice,  the  drug 
appears  to  be  selectively  retained  in  their  tumor  burdens.  Consis¬ 
tent  with  these  findings,  both  preclinical  and  phase  I  studies  of 
17-AAG  have  shown  that  biologically  relevant  drug  exposures  can 
be  achieved  with  a  surprisingly  modest  toxicity  [53,54]. 

The  low  micromolar  binding  affinity  of  geldanamycin  (GA)  and 
its  derivatives  with  HSP90  in  vitro  [51  ]  stands  in  stark  contrast  to  the 
low  nanomolar  anti-proliferative  activity  that  the  drug  exhibits  in 
vivo  [55].Chiosiset  al.  [55]  have  proposed  that  the  physicochemical 
properties  of  the  ansamycins  result  in  its  intracellular  accumulation 
in  cell  culture  media,  making  highly  potent  antiproliferative  activ¬ 
ity  possible  [56].  Kamal  and  co-workers  [44]  provided  biochemical 
evidence  that  HSP90  in  cancer  cells  exists  primarily  in  a  multi¬ 
chaperone  complex  that  has  a  higher  affinity  for  GA  compared  to 
the  HSP90  in  normal  cells,  where  the  majority  of  the  protein  is 
not  present  in  a  high  molecular  mass  complex,  or  purified  HSP90. 
However,  other  studies  suggest  that  HSP90  undergoes  a  slow  con¬ 
formational  change  upon  binding  of  GA  in  a  tight  interaction.  The 
slow,  tight-binding  of  GA  has  been  proposed  as  a  possible  expla¬ 
nation  for  the  accumulation  of  GA  in  tumor  cells  due  to  the  law  of 
mass  action,  thereby  increasing  in  the  apparent  affinity  of  tumor- 
specific  HSP90  [57].  Another  study  has  proposed  that  reduction  of 
the  quinine  moiety  in  GA  may  have  an  important  role  in  enhanc¬ 
ing  binding  and  selectivity  [58].  The  requirement  of  isomerization 
of  GA  before  tight  binding  has  been  postulated  as  a  possible  rea¬ 
son  behind  the  enhanced  binding  affinity  of  GA  for  HSP90  in  vivo 
compared  to  its  purified  form  in  vitro  [59].  A  more  recent  study 
conducted  by  Onuoha  et  al.  [60]  confirmed  that  the  reduced  dihy- 
droquinone  form  of  the  drug  binds  to  HSP90  considerably  more 
tightly  than  the  non-reduced  quinone  species. 

6.  HSP90  activity  measurement  with  fluorescent  probes 

During  the  development  of  new  HSP90  inhibitors,  it  is  critical  to 
determine  the  binding  affinity  of  potential  compounds  with  HSP90, 
which  is  important  for  high  throughout  screen  (HTS).  Several  direct 
and  competitive  assay  methods  have  been  used  to  gauge  the  inter¬ 
actions  of  ligands  with  the  N-terminal  domain  of  HSP90.  These 
include  the  measurement  of  ATPase  activity  [61,62],  binding  of  a  flu- 


Please  cite  this  article  in  press  as:  Niu  G,  Chen  X.  From  protein-protein  interaction  to  therapy  response:  Molecular  imaging  of  heat  shock 
proteins.  Eur  J  Radiol  (2009),  doi:10.1016/j.ejrad.2009.01.052 


G  Model 

EURR-4217;  No.  of  Pages  11 


ARTICLE  IN  PRESS 


4  G.  Niu,  X.  Chen  /  European  Journal  of  Radiology  xxx  ( 2009 )  xxx-xxx 


orescent  ATP  analog  [63],  displacement  of  HSP90  from  immobilized 
GA  [64,65],  isothermal  calorimetry  measurement  of  the  binding  of 
radicicol  or  GA  [51],  and  filter  binding  assay  with  3H  labeled  GM 
derivatives  [66].  In  this  section  we  will  focus  on  using  fluorescent 
probes  to  measure  HSP90  activity.  Although  these  probes  are  cur¬ 
rently  used  for  in  vitro  test,  they  have  the  potential  to  be  used  in 
vivo  for  near-infrared  fluorescence  imaging. 

When  a  fluorescent  sample  is  excited  with  a  polarized  light, 
the  emission  is  polarized.  This  phenomenon  is  called  fluores¬ 
cence  polarization  (FP).  Small  dye  molecules  are  rapidly  rotating 
molecules  and  the  initially  photoselected  orientational  distribu¬ 
tion  is  randomized  prior  to  emission,  creating  low  fluorescence 
polarization.  Llauger-Bufi  et  al.  [63]  linked  two  fluorescent  dyes 
primarily  used  in  FP  assays,  FITC  and  BODIPY,  on  the  C17  position 
of  GM  because  the  methoxy  group  found  at  this  position  easily 
undergoes  a  Michael  reaction  while  in  the  presence  of  primary 
amines.  In  a  competitive  displacement  study  of  GM-BODIPY  by 
HSP90  Inhibitors,  a  purine-based  small  molecule  PU3  was  found  to 
be  30-fold  weaker  FISP90  inhibitor  than  the  17-AAG  (EC50  =  3.2  f±M 
vs.  110  nM).  To  avoid  the  interference  from  test  compounds,  the 
same  group  switched  to  a  red-shifted  dye  (Cy3B)  in  labeling  the  FP 
ligand  [67].  With  the  red-shifted  cy3B-GM  ligand,  they  evaluated 
the  applicability  of  this  tracer  as  a  FP  probe  for  FISP90.  The  EC50 
for  17-AAG  and  ADP  determined  by  this  probe  are  64.9  ±  3.8  nM 
and  120  p,M,  respectively.  The  difference  between  cy3B-GM  and 
BODIPY-GM  may  be  due  to  the  reduced  interference  of  fluorescent 
compounds  as  fewer  library  members  emit  at  such  long  wave¬ 
lengths  as  cy3B.  Introduction  of  a  red-shifted  dye  like  cy3B  may  also 
help  reduce  false-positives  resulted  from  light  scattering  caused  by 
insoluble  compounds. 

By  taking  advantage  of  the  high  sensitivity  of  luminometer,  ther¬ 
mally  denatured  firefly  luciferase  has  been  used  to  identify  the 
active  principles  responsible  for  facilitating  protein  renaturation. 
The  results  indicated  that  refolding  of  heat-denatured  luciferase 
is  FISP90-dependent  [68].  Using  this  strategy,  the  same  group 
has  developed  a  high-throughput  assay  to  identify  inhibitors  that 
obstruct  the  chaperone  activity  of  HSP90  either  by  directly  binding 
to  its  N-terminal  or  C-terminal  nucleotide  binding  sites  or  by  inter¬ 
fering  with  the  ability  of  the  chaperone  to  switch  conformations. 
More  than  20,000  compounds  were  screened  and  120  compounds 
that  inhibited  luciferase  renaturation  by  greater  than  70%  at  a 
concentration  of  12.5  pg/mL  were  identified  [69].  Though  these 
fluorescent  probes  and  FISP90  dependent  luciferase  were  initially 
developed  for  in  vitro  screening  of  FISP90  inhibitors,  they  also  can 
be  further  tailored  for  in  vivo  molecular  imaging  of  FISP90  activity. 

7.  Imaging  of  protein-protein  interaction  in  HSP  complexes 

Non-covalent  interactions  among  proteins  are  vital  for  ah 
aspects  of  cellular  processes.  A  plethora  of  techniques  have  been 
developed  to  detect  protein-protein  interactions  at  extracellular 
and  intracellular  levels,  including  the  yeast  two-hybrid  assay  and 
the  co-immunoprecipitation  assay  [70].  These  assays  usually  need 
lengthy  procedures  that  are  influenced  by  parameters.  The  develop¬ 
ment  of  reporter-based  in  vivo  protein-protein  interaction  assays, 
such  as  fluorescence  resonance  energy  transfer  (FRET)  [71],  biolu¬ 
minescence  resonance  energy  transfer  (BRET)  [72],  and  bimolecular 
fluorescence  complementation  (BiFC)  [73]  assays,  has  significantly 
advanced  the  measurement  of  protein-protein  interactions  in  vivo. 
Using  the  “fluorescence  recovery  after  photobleaching”  (FRAP) 
technology,  for  instance,  Picard  [74]  examined  the  dynamics  of 
human  p23,  expressed  as  a  fusion  protein  with  the  green  fluores¬ 
cent  protein  (GFP),  in  living  human  FleLa  cells.  When  the  HSP90 
interaction  was  disrupted  either  by  the  HSP90  inhibitor  GA  or 
by  introduction  of  point  mutations  into  p23,  the  mobility  of  p23 
was  greatly  accelerated  [74].  A  2-color  FRAP  technique  has  also 


been  developed  by  the  same  group  to  facilitate  the  analysis  and 
to  allow  a  direct  comparison  with  p23,  in  which  two  test  proteins 
are  expressed  as  fusion  proteins  with  the  two  spectrally  separa¬ 
ble  fluorescent  proteins,  mCherry  and  enhanced  green  fluorescent 
protein  (eGFP).  Under  this  2-color  FRAP,  it  has  been  observed  that 
FISP90  and  p23  are  virtually  indistinguishable,  consistent  with  the 
notion  that  they  are  both  engaged  in  a  multitude  of  large  protein 
complexes.  Flowever,  when  FISP90-p23  complexes  are  disrupted  by 
the  HSP90  inhibitor  GA,  p23  moves  by  free  diffusion  while  FISP90 
maintains  its  low  mobility  because  the  latter  remains  bound  in 
remodeled  multicomponent  complexes  [75].  In  these  studies,  the 
fluorescent  signal  was  observed  by  a  microscope,  and  imaging  was 
still  limited  to  cultured  living  cells. 

In  the  recently  improved  firefly  luciferase  complementation 
imaging  (LCI)  assay,  luciferase  enzyme  is  divided  into  the  N-  and  C- 
terminal  halves  that  do  not  spontaneously  reassemble  and  function. 
Luciferase  activity  occurs  only  when  the  two  fused  proteins  inter¬ 
act,  resulting  in  the  reconstituted  luciferase  enzyme,  which  can  be 
detected  by  a  luminometer  or  a  highly  sensitive  CCD  camera.  The 
assay  measures  dynamic  changes  in  protein-protein  interactions 
and  can  be  used  for  both  cell  culture  and  whole  animals  [76,77]. 
Recently,  Chan  et  al.  [22]  developed  a  FISP90/p23  interaction  imag¬ 
ing  system  that  could  evaluate  the  importance  of  isoform-selective 
HSP90a/p23  and  HSP90p/p23  interactions  in  determining  the  sen¬ 
sitivity  to  FISP90  by  using  293T  human  kidney  cancer  cells  that 
stably  expressed  split  Renilla  luciferase  (RL)  reporters.  Interactions 
between  FISP90a/p23  and  HSP90(3/p23  in  the  split  RL  reporters  led 
to  the  complementation  of  RL  activity,  which  was  determined  by 
bioluminescence  imaging  of  intact  cells  in  cell  culture  and  living 
mice  using  a  CCD  camera.  Through  this  novel  genetically  coded 
reporter  gene  strategy,  RL  activities  have  been  correlated  with 
the  interactions  of  FISP90  and  p23,  thus  allowing  the  function  of 
HSP90  to  be  assessed  after  cells  or  animals  were  administered  with 
different  FISP90  inhibitors  (e.g.,  three  GA-based  and  seven  purine- 
scaffold  HSP90  inhibitors).  Among  them,  the  most  potent  HSP90 
inhibitor,  PU-FI71,  led  to  a  60%  and  30%  decrease  in  RL  activity 
(14h)  in  293T  xenografts  expressing  FISP90a/p23  and  HSP90|3/p23 
split  reporters,  respectively,  relative  to  carrier  control-treated  mice 
(Fig.  3)  [22].  With  molecular  imaging,  it  is  now  possible  to  visual¬ 
ize  the  HSP90-p23  interactions  non-invasively  and  longitudinally 
in  living  animals  and  eventually,  humans.  The  success  of  this  strat¬ 
egy  will  greatly  improve  the  drug  selection  process  for  more  potent 
and  isoform-selectiveFISP90  inhibitors. 

8.  Molecular  imaging  of  therapeutic  response  of  HSP90 
inhibitors 

Early  phases  of  clinical  trials  that  investigate  the  effects  of  novel 
molecular-targeted  agents  such  as  17-AAG  and  FISP90  must  be 
designed  very  carefully  as  proof-of-principle,  hypothesis-testing 
studies,  with  extensive  use  of  pharmacodynamic  endpoints  and 
pharmacogenetic  biomarkers  [78].  Invasive  biopsy  and  body  fluid 
sampling  have  been  the  conventional  methods  for  obtaining 
cellular  and  tissue  samples  for  laboratory-based  analysis  of  ther¬ 
apeutic  endpoints.  Flowever,  the  difficulty  and  low  yields  of  biopsy 
collection,  as  well  as  the  low  sensitivity  of  traditional  immunohisto- 
chemical  techniques  that  can  only  identify  partial  but  not  complete 
reductions  in  protein  expression,  significantly  limit  the  feasibil¬ 
ity  of  such  studies.  By  contrast,  non-invasive  molecular  imaging 
has  evolved  into  a  highly  fruitful  approach  for  monitoring  suitable 
endpoints  of  molecular  medicine  interventions  [79]. 

The  downstream  effects  of  FISP90  inhibition  affect  a  wide  range 
of  signaling  processes  that  are  crucial  for  the  malignant  properties 
of  cancer  cells.  Indeed,  HSP90  inhibitors  exhibit  a  broad  spectrum 
of  anticancer  activities.  In  addition,  analyses  of  treatment-induced 
changes  in  relevant  HSP90  client  proteins  can  be  used  as  pharma- 
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Fig.  3.  Disruption  of  Hsp90a/p23  and  Hsp90|3/p23  interactions  by  Hsp90  inhibitors  in  living  mice.  293T  cells  stably  transfected  with  NRL(M185  V)-p23/Hsp90a2.2-CRL  (left) 
or  NRL(M185  V)-p23/Hsp90|32.2-CRL  (right)  were  implanted  subcutaneously  in  the  lower  flanks  of  each  female  nude  mouse  to  allow  xenograft  establishment  for  2  weeks, 
respectively.  Mice  were  imaged  at  0  h  to  determine  the  RL  activities  in  the  implanted  cells  by  optical  bioluminescence  imaging  using  a  cooled  CCD  camera  with  an  acquisition 
time  of  3  min  immediately  after  tail  vein  injection  of  coelenterazine.  Mice  were  subsequently  i.p.  injected  with  Hsp90  inhibitor  PU-H71.  Control  mice  were  treated  i.p.  with 
equal  volume  of  carrier  control.  RL  activity  was  determined  at  6  and  14  h  posttreatment.  Representative  images  from  two  mice  from  each  treatment  group  at  each  time  point 
are  shown  with  the  optical  bioluminescence  image  superimposed  on  the  visible  light  image  [22]. 


codynamic  endpoints  for  the  evaluation  of  therapeutic  response. 
For  example,  HER-2  has  been  established  as  a  client  of  HSP90,  and 
its  stability  is  dependent  upon  HSP90  throughout  the  whole  lifes¬ 
pan  of  the  receptor,  including  the  maturation  process  in  the  ER 
and  during  the  residency  of  the  receptor  at  the  plasma  membrane. 
(EIER-2  is  depleted  within  2  h  of  EISP90  inactivation  [80].)  Much  of 
the  recent  interest  in  EIER-receptors  is  due  to  the  role  they  play  in 
human  malignancies.  Elyperactivation  of  EIER  signaling  pathways, 
for  instance,  is  implicated  in  driving  the  proliferation  of  many  can¬ 
cer  cell  types,  and  is  often  correlated  with  poor  patient  survival. 
The  overexpression  of  EIER-2  has  been  detected  in  up  to  30%  of 
breast  and  ovarian  cancers  and  a  high  frequency  of  EIER-2  overex¬ 
pression  has  also  been  noted  in  other  common  types  of  cancers 
such  as  prostate  cancer  [81,82].  Multimodality  imaging  techniques, 
including  optical  imaging,  SPECT,  PET,  MRI  and  ultrasound,  have 
been  used  to  target  EIER-2  with  various  probes,  most  of  which  were 
developed  based  on  anti-EIER-2  antibodies,  antibody  derivatives 
(e.g.,  scFv,  antibody  fragments  and  other  engineered  antibodies) 
and  affibodies  [83,84]. 

Smith-Jones  et  al.  [85]  labeled  a  F(ab’)2  fragment  of  trastuzumab 
(humanized  antibody  against  HER-2)  with  a  positron  emitter  68Ga 
(t1/2  =  68min)  to  assess  the  degradation  of  HER-2  by  a  HSP90 
inhibitor,  17-AAG.  Taking  advantage  of  the  fast  blood  clearance  of 
F(ab’)2  and  quick  decay  of  68Ga,  they  repetitively  imaged  HER-2 
expression  at  24  h  intervals.  Based  on  the  small-animal  PET  quan¬ 
tification,  the  HER-2  expression  was  reduced  by  almost  80%  in  the 
animals  24 h  after  17-AAG  treatment  [85].  In  a  follow-up  study, 
the  tumor  response  to  17-AAG  treatment  was  assessed  by  68Ga- 
DOTA-F(ab’)2-trastuzumab  and  18F-FDG  PET.  Within  24  h  after 
treatment,  a  significant  decrease  in  HER-2  was  measured  by  HER- 
2  PET,  whereas  the  18F-FDG  PET  uptake  was  virtually  unchanged. 
The  17-AAG  treated  animals  had  a  reduced  uptake  of  68Ga-F(ab’)2- 
trastuzumab  that  lasted  until  5  days  after  treatment,  although 
notable  growth  inhibition  occurred  only  by  11  days  after  treatment. 
The  18F-FDG  PET  imaging  data  revealed  no  significant  differences 
in  18F-FDG  metabolism  between  the  treated  and  control  group  at 
any  of  the  time  points  examined.  This  indicates  that  HER-2-PET 
with  68Ga-DOTA-F(ab’)2-trastuzumab  can  provide  accurate  infor¬ 


mation  for  a  tumor’s  early  response  to  17-AAG  treatment  [86].  It  is 
worth  noting  that  the  detailed  pharmacokinetic  analysis  performed 
in  these  studies  is  not  feasible  using  previously  traditional  tech¬ 
niques.  In  future  phase  II  studies,  it  will  be  crucial  to  identify  the 
optimal  dose  and  schedule  for  the  usage  of  HSP90  inhibitors  [87]. 

Of  the  four  HER  family  members,  EGFR  and  HER-2  have  been 
established  as  clients  of  HSP90  [88,89].  However,  HER-2  expres¬ 
sion  is  typically  much  lower  in  tumors  other  than  breast  and 
ovarian  tumors.  Previously  we  reported  the  first  quantitative 
PET  imaging  of  EGFR  expression  in  xenograft-bearing  mice  using 
64Cu  (t1/2  =  12.7h)-labeled  cetuximab  (Erbitux;  C255;  ImClone 
and  Bristol-Myers  Squibb)  [90],  a  mouse-human  chimeric  IgGi 
mAb  that  binds  with  high  affinity  to  EGFR  [91].  Using  up  to 
seven  xenograft  tumor  models,  the  tumor  uptake  of  64Cu-DOTA- 
cetuximab  measured  by  PET  had  good  linear  correlation  (r2  =  0.80) 
with  the  EGFR  expression  level  as  quantified  by  Western  blotting 
[90].  Small-animal  PET  imaging  studies  showed  that  64Cu-DOTA- 
cetuximab  had  increasing  tumor  activity  accumulation  over  time  in 
EGFR-positive  tumors,  but  relatively  low  uptake  in  EGFR-negative 
tumors  at  all  time  points  examined  (<  5%  injected  dose  per  gram  of 
tissue;  %ID/g).  The  ability  to  quantitatively  image  EGFR  expression 
by  PET  with  64Cu-DOTA-cetuximab  will  enable  the  evaluation  of 
EGFR  expression  level  upon  therapeutic  intervention  in  the  future. 
To  determine  whether  64Cu-DOTA-cetuximab  PET  could  be  used 
to  monitor  the  early  response  of  EGFR  degradation  upon  anti- 
HSP90  therapy  by  17-AAG,  we  treated  a  human  prostate  cancer 
PC-3  xenograft  model  with  17-AAG  and  carried  out  64Cu-DOTA- 
cetuximab  PET  before  and  after  treatment.  Quantitative  PET  showed 
that  64Cu-DOTA-cetuximab  had  prominent  tumor  activity  accu¬ 
mulation  in  untreated  tumors  (14.6±2.6%ID/g)  but  significantly 
lower  uptake  in  17-AAG-treated  tumors  (8.9  ±1.6%  ID/g)  at  24  h 
post-injection.  Both  immunofluorescence  staining  and  Western 
blot  confirmed  the  significantly  lower  EGFR  expression  level  in  the 
tumor  tissue  upon  17-AAG  treatment.  The  results  demonstrated 
that  the  early  response  to  anti-HSP90  therapy  can  be  monitored 
by  quantitative  PET  using  64Cu-DOTA-cetuximab;  therefore,  this 
approach  may  be  valuable  in  monitoring  the  therapeutic  response 
to  HSP90  inhibitor  17-AAG  in  EGFR-positive  cancer  patients  (Fig.  4) 
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Fig.  4.  (A)  MicroPET  images  of  PC-3  tumor-bearing  nude  mice  at  4  h  and  24  h  after 
intravenous  injection  of  64Cu-DOTA-cetuximab  with  or  without  17-AAG  treatment. 
Decay-corrected  whole-body  coronal  images  that  contain  the  tumor  were  shown, 
and  the  tumors  are  indicated  by  white  arrows.  (B)  PC-3  tumor  uptake  of  64Cu-DOTA- 
cetuximab  as  quantified  from  microPET  scans  [92]. 


[92].  In  addition  to  HER2  and  EGFR,  a  wide  range  of  HSP90  client 
proteins,  including  AR,  Akt,  and  p53,  may  be  targeted  with  spe¬ 
cific  small  molecular  probes  to  evaluate  HSP90  therapy,  though  it 
is  more  problematic  if  the  targets  are  not  membrane  proteins,  due 
to  the  complexity  for  imaging  and  image  analysis. 

Given  their  excellent  spatial  resolution,  CT  and  MRI  are  used 
extensively  in  routine  clinical  work  and  they  can  image  tumor  mass 
and  volume  in  real-time  manner.  For  example,  non-invasive  MRI 
has  been  applied  to  test  the  synergistic  effects  of  HSP90  inhibitor 
and  glycolysis  inhibitor  for  pancreatic  cancer  therapy  in  a  transgenic 
spontaneous  pancreatic  cancer  mouse  model  [24]. 

9.  Imaging  of  HSP70-related  gene  therapy 

Heat  shock  protein  promoters,  particularly  HSP70  promoters, 
have  often  been  used  for  gene  therapy  strategies  because  they  are 
both  heat-inducible  and  efficient  [93].  When  eukaryotic  cells  are 
exposed  to  temperatures  above  their  optimum  for  growth,  they 
respond  by  inducing  HSPs.  Transcription  is  vigorously  initiated  at 


the  HSP  gene  loci  within  minutes.  Of  the  seven  major  HSPs,  HSP70 
is  not  only  the  most  prominently  induced  but  also  always  first  to 
be  repressed  in  step  with  restoration  of  normal  synthesis.  Thus, 
the  sharp  response  pattern  of  HSP70  has  attracted  interest  in  the 
possible  therapeutic  use  of  its  promoter  as  a  molecular  tool  for 
gene  therapy.  Promoters  from  HSP70  genes  are  characterized  by 
the  presence  of  multiple  adjacent  inverse  iterations  of  the  pentanu- 
cleotide  motif  5’-nGAAn-3\  whose  assemblies  are  called  heat  shock 
elements  (HSEs)  [94].  Heat  shock  promoter  activation  is  mediated 
in  large  part  by  the  interaction  of  heat  shock  factor  1  (HSF1)  with 
HSEs.  Physiological  stresses  (e.g.,  heat)  induce  HSF1  monomers  to 
oligomerize  as  homotrimers,  allowing  translocation  in  the  nucleus 
and  binding  to  HSEs  [93].  In  humans,  two  HSP70  genes,  HSP70-1 
(HSP70A1A  locus)  and  HSP70-2  (HSP70A1B  locus),  are  found  as  a 
nearly  identical  tandem  pair  [95].  The  HSP70B  promoter  contains 
three  functionally  important  HSEs  and  an  atypical  TATA  sequence. 
During  the  24  h  period  following  heat  shock,  the  HSP70B  minimal 
promoter  can  drive  expression  of  reporter  genes  at  levels  compa¬ 
rable  to  those  produced  by  the  cytomegalovirus  (CMV)  immediate 
early  promoter  in  human  tumor  cells  [96]. 

Various  attempts  have  been  made  to  engineer  HSP  promoters 
in  order  to  further  increase  their  efficiency.  A  modified  HSP70B 
promoter  containing  four  additional  HSE  sequences  has  been  con¬ 
structed  and  was  found  to  be  more  efficient  than  the  original 
promoter  [97].  However,  absolute  levels  of  expression  as  well  as 
the  enhancement  produced  by  promoter  modification  varied  in  the 
different  cell  lines.  Another  attempt  to  enhance  the  efficiency  of  the 
HSP70  promoter  employed  a  two-step  molecular  amplification  sys¬ 
tem,  in  which  the  first  transcriptional  unit  contained  the  HSP70B 
promoter  that  controlled  the  expression  of  a  transcriptional  fac¬ 
tor,  HIV  Tat,  whose  factor  transactivated  a  second  promoter,  the 
HIV2  LTR,  located  downstream  on  the  same  construct.  The  second 
promoter  drives  the  gene  of  interest  [98].  Using  such  a  construct, 
heat  induced  human  interleukin-2  has  been  expressed  to  35-70- 
fold  higher  than  achieved  by  using  the  HSP70  promoter  alone,  and 
10-35-fold  higher  than  the  level  achieved  by  using  the  CMV  pro¬ 
moter. 

In  addition  to  their  high  efficiency,  HSP70  promoters  also  pro¬ 
vide  a  high  level  of  control  over  therapeutic  gene  expression.  A 
temperature-dependent  increase  of  reporter  expression  was  found 
using  the  human  HSP70B  promoter,  while  very  low  basal  levels  of 
reporter/therapeutic  gene  expression  were  reported  [99].  Modu¬ 
lation  by  heat  of  the  HSP70B  promoter  activity  in  vitro  raised  the 
possibility  that  expression  of  a  therapeutic  gene  might  be  modu¬ 
lated  in  vivo  by  hyperthermia.  The  development  of  non-invasive 
methods  such  as  focused  ultrasound  (FUS)  that  allow  a  precise 
control  of  both  the  thermal  dose  applied  to  tissues  and  the  result¬ 
ing  elevation  of  temperature  in  situ  facilitated  the  usage  of  the 
HSP70B  promoter  controlled  therapeutic  gene  expression.  By  cou¬ 
pling  FUS  with  MRI  temperature  mapping,  the  thermal  dose  could 
be  precisely  controlled,  allowing  the  fine-tuning  of  reporter  gene 
expression  based  on  temperature  [100,101  ]. 

Treating  tumors  by  introducing  into  tumor  cells  a  suicide  gene 
such  as  those  coding  for  thymidine  kinase  (TI<)  or  cytosine  deami¬ 
nase  (CD)  under  the  control  of  an  HSP  promoter  has  been  examined 
by  numerous  studies  [102,103].  Braiden  and  co-workers  [104]  have 
developed  a  hyperthermic  suicide  gene  (HSV-tk)  therapy  under  the 
control  of  an  HSP70  promoter  for  the  eradication  of  breast  can¬ 
cer  xenografts.  By  implanting  breast  cancer  cells  in  subcutaneous 
and  intraperitoneal  models  of  BALB/c  nude  mice,  significant  tumor 
regression  was  observed  in  HSP-tk-transduced  tumors  following 
hyperthermic  therapy  and  injection  of  ganciclovir  (GCV).  Using  both 
CD  and  TK  suicide  genes  controlled  by  HSP70  promoters,  Brade  et 
al.  [105]  demonstrated  that  a  combined  treatment  approach  can  be 
highly  effective  against  heat-  and  radiation-resistant  breast  tumor 
cells.  A  similar  strategy  was  based  on  the  Gibbon  ape  leukemia 
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Fig.  5.  Positron  emission  tomography  (PET)  imaging  of  transduced  TSA  tumors.  (A)  Schematic  drawing  of  the  retroviral  vectors  G1  NaGrpTk  and  GITkSvNa.  (B  and  C)  Comparison 
of  18F-FHBG  uptake  in  tumors  transduced  with  GINaGrpTk  or  GITkSvNa.  (D)  Effect  of  PDT  on  1SF-FHBG  uptake  in  TSA  tumors  transduced  with  GINaGrpTk  [103]. 


virus  env  protein  (GALV  FMG),  which  mediates  cell-cell  fusion  and 
results  in  formation  of  syncytia  when  expressed  in  tumor  cells. 
The  median  survival  time  increased  from  12.5  (in  heated  CI1  con¬ 
trols)  to  52  days  after  a  single  heat  treatment  [25].  Another  original 
strategy  used  an  antisense  RNA  to  reduce  the  viability  of  tumor 
cells  through  inhibition  of  a  gene  involved  in  cell  repair  processes. 
KU70  forms  a  heterodimeric  complex  with  KU80  that  binds  to  DNA 
double-strand  breaks  and  activates  DNA-dependent  protein  kinase 
involved  in  DNA  repair.  An  adenovirus  vector  expressing  an  anti- 
sense  KU70  RNA  under  the  control  of  an  HSP70  promoter  was 
used  to  infect  FSA-II  tumors.  The  heat-shock-induced  expression 
of  the  KU70  antisense  RNA  attenuated  KU70  protein  expression  in 
the  FSA-II  tumors  as  well  as  significantly  sensitized  the  tumors  to 
ionizing  radiation  [106].  The  efficiency  of  the  heat-inducible  gene 
therapy  approach  was  also  tested  using  an  adenovirus  containing  a 
murine  IL-12  gene  (encoding  an  antiangiogenic  protein)  under  the 
control  of  the  HSP70B  promoter.  Growth  of  melanoma  tumor  cell 
line  in  C57BL/6  mice  was  used  as  the  tumor  model.  Virus  injections 
in  combination  with  a  moderate  hyperthermia  treatment  signifi¬ 
cantly  inhibited  tumor  growth  [107].  Taken  together,  the  studies 
described  above  have  clearly  demonstrated  the  usefulness  of  FISP 
promoters  for  gene  therapy  in  vivo. 

Nevertheless,  the  HSP  promoter-based  gene  therapy  is  still 
plagued  by  some  unresolved  problems,  including  uncontrolled  acti¬ 
vation  of  FISP70  promoters,  thermotolerance,  and  local  control  of 
dosage.  Besides  hyperthermia,  HSP70  promoters  also  respond  to 
other  stresses  such  as  oxidative  stress,  a  variety  of  toxic  compounds, 
hypoxia,  ischemia,  acidosis,  energy  depletion,  cytokines,  and  UV 
radiation  [108,109].  Even  fever  and  inflammation  may  activate  a 
heat  shock  protein  response.  Some  of  these  stressors  may  come 
into  play  during  the  course  of  a  gene  therapy  procedure  and  may 
thus  induce  unexpected  expression  of  the  therapeutic  gene.  Cells 
exposed  to  non-lethal,  elevated  temperatures  become  temporarily 


resistant  to  a  subsequent  heat  shock.  Known  as  “acquired  thermo¬ 
tolerance”,  this  phenomenon  is  transient  in  nature  and  depends 
on  the  severity  of  the  initial  heat  stress.  In  addition,  HSP70  pro¬ 
moter  efficiency  varies  in  different  cell  types.  Lastly,  differential 
growth  conditions  within  a  tumor  could  markedly  affect  expres¬ 
sion  of  a  reporter/therapeutic  gene  [96].  Due  to  these  complications, 
accurate  dosage  delivery  will  be  problematic. 

For  gene  therapy  to  succeed,  it  requires  extensive  research  to 
identify  the  molecular  origin  of  the  disease,  develop  new  gene 
therapy  delivery  strategies,  and  improve  gene  transfer  vehicles. 
Furthermore,  precise  control  of  both  spatial  and  temporal  expres¬ 
sion  of  the  therapeutic  transgene  is  essential.  Recent  progress  in 
molecular  imaging,  particularly  in  the  field  of  imaging  gene  expres¬ 
sion,  may  help  fulfill  some  of  the  gene  therapy  requirements  and 
will  likely  contribute  to  the  success  of  this  promising  therapeu¬ 
tic  modality  [4].  Typically,  the  therapeutic  gene  with  expressing 
vectors  will  be  replaced  by  or  fused  with  a  reporter  gene.  The 
spatial  and  temporal  expression  of  the  reporter  genes  can  be 
visualized  and  quantitated  by  non-invasive  imaging  modalities. 
Radionuclide-based  SPECT  or  PET  imaging  and  optical  imaging  are 
now  commonly  used  imaging  strategies  for  monitoring  reporter 
gene  expression. 

As  a  well-established  reporter,  green  fluorescent  protein  (GFP) 
has  been  utilized  extensively  to  evaluate  spatial  and  temporal  con¬ 
trol  of  gene  expression  driven  by  FISP70  promoters  [96,100,107,110]. 
Under  a  microscope,  in  the  heating  stage  that  uses  green  fluorescent 
protein  as  a  reporter,  HSP70  expression  kinetics  can  be  visualized 
continuously  in  cultured  bovine  aortic  endothelial  cells  (BAECs). 
The  kinetic  profile  for  FISP70-GFP  fusion  protein  is  consistent  with 
the  endogenous  FISP70  [111  ].  Although  non-invasive  imaging  in  live 
mice  can  be  achieved  by  fluorescent  imaging,  most  of  these  studies 
still  count  on  fluorescent  microscope  for  more  accurate  measure¬ 
ment.  Due  to  its  low  cost,  high  sensitivity,  and  excellent  temporal 
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feasibility,  bioluminescent  imaging  using  luciferases  as  reporter 
genes  has  been  investigated.  Expression  of  luciferase  after  local 
injection  of  the  construct  Ad-HSP-Luc  (an  adenoviral  vector  con¬ 
taining  a  transgene  encoding  firefly  luciferase  under  the  control 
of  the  human  HSP70B  promoter)  has  been  induced  by  magnetic 
resonance  imaging-monitored  ultrasound.  High  levels  of  luciferase 
expression  were  observed  only  in  areas  exposed  to  ultrasonic  heat¬ 
ing  [54].  In  this  study,  the  bioluminescent  signal  was  measured  by 
an  illuminometer  with  tissue  samples  instead  of  non-invasive  BLI 
imaging. 

Nuclear  medicine  techniques  employing  different  reporter 
genes  and  thymidine  kinase  and  sodium  iodide  symporter 
(NIS)  are  among  the  most  widely  used  PET  reporter  genes 
[112-114].  The  expression  of  the  reporter  gene  coding  for  thymi¬ 
dine  kinase  can  be  probed  with  substrate  analogues,  including 
pyrimidine  nucleoside  derivatives,  such  as  2/-deoxy-2/-fluoro- 
p-D-arabinofuranosyl-5-iodouracil  (FIAU),  and  acycloguanosine 
derivatives,  such  as  9-[4-fluoro-3-(hydroxymethyl)  butyl]guanine 
(FHBG).  GRP78,  a  member  of  HSP70  family,  is  a  stress-inducible 
calcium-binding  chaperone  protein  with  anti-apoptotic  properties 
that  is  highly  expressed  in  cancer  cells  [115].  The  Grp78  promoter 
has  been  shown  capable  of  eradicating  tumors  with  murine  cells  in 
immunocompetent  models  by  driving  the  expression  of  the  HSV-tk 
suicide  gene  [116].  HSV-tk  can  be  used  not  only  as  a  therapeutic 
gene  but  also  a  reporter  gene.  Through  the  use  of  PET  imaging, 
researchers  have  observed  the  spontaneous  in  vivo  activation  of 
the  HSV-tk  suicide  gene  driven  by  the  Grp78  promoter  in  growing 
tumors  and  its  activation  by  photodynamic  therapy  (PDT)  in  a  con¬ 
trolled  manner  (Fig.  5)  [103].  In  this  study,  animals  were  injected 
with  18F-FHBG  and  scanned  with  a  small-animal  PET  scanner.  The 
brightness  of  the  images  depicts  HSV-TK  activity  as  it  metabolizes 
and  traps  the  18F-FHBG  substrate  intracellularly. 

NIS  is  responsible  for  the  physiologic  uptake  of  iodide.  NIS 
is  also  able  to  concentrate  pertechnetate  (Tc04-),  bromide  (Br-), 
and  perrhenate  (Re04_).  With  corresponding  radionuclides,  NIS 
gene  expression  can  be  visualized  by  SPECT  or  PET  imaging  [112]. 
Che  and  co-workers  [117]  have  constructed  a  retroviral  vector 
pQHSP70/hNIS-IRES-eGFP  (pQHNIG70)  containing  the  hNIS-IRES- 
eGFP  dual-reporter  genes  under  the  control  of  an  inducible  human 
HSP70  promoter.  A  2.2-  to  6.1 -fold  131 1~,  a  6.1-  to  14.4-fold 
"mTco4-,  and  a  5.1-  to  39-fold  fluorescence  increase  above  base¬ 
line  were  observed  in  response  to  graded  hyperthermia  (39-43  °C). 
A  stable  ratio  of  radiotracer  uptake  to  eGFP  fluorescence  and  to 
HSP70  protein  was  demonstrated  over  a  wide  range  of  expression 
levels,  induced  by  different  levels  of  heating.  The  local  application 
of  heat  can  effectively  induce  hNIS  and  eGFP  gene  expression  in 
vivo ;  this  expression  can  be  efficiently  visualized  by  fluorescence, 
scintigraphic,  and  PET  imaging.  The  pQHNIG70  reporter  system  can 
be  used  to  study  stress  and  drug  responses  in  transduced  cells  and 
tissues  [117].  However,  it  is  worth  noting  that  the  direct  clinical 
application  is  limited  for  most  of  the  reporter  genes  since  this  strat- 
egy  typically  requires  artificially  transduced  cells  or  tissue,  which 
is  not  feasible  under  clinical  situation. 

10.  Other  applications 

Besides  imaging  transgene  expression  under  control  of  HSP70 
promoter  in  gene  therapy,  molecular  imaging  (especially  optical 
imaging)  has  been  applied  to  other  related  fields.  For  example, 
screening  of  microinjected  embryos  for  transgene  integration  in 
blastocysts,  prior  to  transfer,  would  help  increase  the  percentage  of 
positive  transgenic  fetuses.  A  luminescent  screening  system  with 
scaffold  attachment  regions  flanking  the  murine  HSP70.1  promoter 
linked  to  firefly  luciferase  cDNA  has  been  developed  to  select  trans¬ 
genic  bovine  embryos.  By  selecting  luminescent  blastocysts  on  the 
basis  of  both  signal  intensity  and  distribution,  the  number  of  recipi¬ 


ent  females  required  to  produce  transgenic  offspring  can  be  greatly 
reduced  [118]. 

Another  application  is  to  quantify  tissue  damage,  which  has  tra¬ 
ditionally  been  evaluated  under  the  macroscope  by  visual  effects 
such  as  tissue  mass  removal,  carbonization  and  melting.  Bech- 
ham  et  al.  [19]  used  HSP70  transcription  to  track  cellular  response 
to  laser-induced  injury.  After  thermal  injury,  the  onset  of  biolu¬ 
minescence  in  a  stable  cell  line  (NIH-3T3)  containing  the  firefly 
luciferase  reporter  gene  attached  to  the  HSP  promoter  (murine 
HSP70al)  can  be  seen  as  early  as  2h  after  treatment  and  usu¬ 
ally  peaks  at  8-12  h,  depending  on  the  severity  of  heat  shock. 
Bioluminescence  levels  correlated  well  with  actual  HSP70  protein 
concentrations  as  determined  by  enzyme-linked  immunosorbent 
assay  (ELISA).  Quantitative  BLI  in  engineered  tissue  equivalents  pro¬ 
vides  a  powerful  model  that  enables  sequential  gene  expression 
studies.  Such  a  model  can  be  used  as  a  high-throughput  screening 
platform  for  laser-tissue  interaction  studies  [119].  Lastly,  compared 
with  conventional  organic  dyes,  quantum  dots  (QDs)  have  sev¬ 
eral  advantages,  including  their  narrow,  symmetrical  and  tunable 
emission  spectra,  excellent  photostablility,  and  broad  absorption 
spectra  [120].  Labeling  Mortalin/mtHSP70  and  HSP60  by  quantum 
dots  with  different  emission  wavelengths,  Kaul  et  al.  [121]  visual¬ 
ized  minute  differences  in  the  subcellular  niche  of  quantum  dots 
labeled  in  normal  and  cancer  cells. 

11.  Summary  and  perspectives 

The  HSP70  promoter-driven  gene  therapy  and  inhibition  of 
HSP90  activity  with  small  molecule  inhibitors  are  two  shining 
points  in  the  newly  developed  cohort  of  cancer  treatment.  For 
HSP70  promoters,  high  efficiency  and  heat  inducibility  within  a 
localized  region  make  it  very  attractive  to  clinical  translation.  Ini¬ 
tially,  GFP  was  used  as  a  reporter  gene  to  analyze  the  pattern 
and  efficiency  of  HSP70  promoter  controlled  transgene  expression. 
Recently,  bioluminescent  and  PET  reporter  genes  have  been  intro¬ 
duced  to  provide  better  non-invasive  and  real  time  evaluation  of 
this  gene  therapeutic  strategy.  These  molecular  imaging  techniques 
will  facilitate  investigation  of  more  powerful  promoters,  a  new  gen¬ 
eration  of  carriers,  and  the  localized  hyperthermal  dose  delivery  of 
HSP70  promoters  controlled  gene  therapy.  However,  non-invasive 
imaging  cannot  yet  fully  replace  the  corresponding  traditional 
research  methods,  though  in  vivo  imaging  can  provide  more  com¬ 
prehensive  and  longitudinal  observation  within  an  intact  organism 
(usually  whole  body).  For  instance,  in  one  of  the  aforementioned 
studies,  luciferase  activity  was  measured  by  an  illuminometer  with 
minced  tissue  samples  instead  of  BLI  imaging  because  BLI  imag¬ 
ing  could  not  provide  enough  spatial  resolution  to  distinguish  gene 
expression  pattern  among  the  different  region  within  the  organ 
(prostate  gland  in  this  case)  [54]. 

HSP90  inhibitors  exhibit  a  broad  spectrum  of  anticancer  activ¬ 
ities  because  the  downstream  effects  of  HSP90  inhibition  affect  a 
wide  range  of  signaling  processes  that  are  crucial  for  the  malignant 
properties  of  cancer  cells.  Molecular  imaging  methods  have  been 
developed  to  screen  drugs  and  monitor  the  therapeutic  response 
of  HSP90  inhibitors.  However,  most  of  these  strategies  are  based 
on  imaging  changes  of  client  proteins  such  as  HER2  and  EGFR. 
These  proteins  are  on  the  cell  surface,  making  them  more  accessi¬ 
ble.  A  drawback  of  these  imaging  is  that  the  availability,  expression 
level,  and  response  to  HSP90  inhibitors  of  these  client  proteins  can 
vary  in  different  cancer  types.  One  way  to  overcome  this  obstacle 
is  to  monitor  several  client  proteins  together,  which  will  provide 
a  more  comprehensive  evaluation  of  tumor’s  response  to  HSP90 
inhibition.  For  example,  androgen  receptor  (AR)  is  another  client 
protein  which  is  usually  highly  expressed  in  prostate  cancer.  The 
PET  imaging  probes  targeting  AR  is  now  in  development  for  in  vivo 
imaging  of  tissue  AR  distribution  [  122  ].  In  prostate  cancers  with  low 


Please  cite  this  article  in  press  as:  Niu  G,  Chen  X.  From  protein-protein  interaction  to  therapy  response:  Molecular  imaging  of  heat  shock 
proteins.  Eur  J  Radiol  (2009),  doi:10.1016/j.ejrad.2009.01.052 


G  Model 

EURR-4217;  No.  of  Pages  11 


ARTICLE  IN  PRESS 


G.  Niu,  X.  Chen  /  European  Journal  of  Radiology  xxx  ( 2009 )  xxx-xxx  9 


levels  of  HER2  expression,  EGFR  and  AR  can  be  imaged  simultane¬ 
ously  or  in  a  row  to  provide  an  early  evaluation  of  HSP90  inhibition. 
Another  promising  alternative  is  to  image  HSP90  activity  directly 
with  small  molecule  probes  that  can  penetrate  the  cell  membrane 
and  bind  with  HSP90.  With  optimized  linker  and  radionuclides,  PET 
can  be  applied  to  visualize  and  quantify  HSP90  activity  directly. 
In  the  coming  years,  these  novel  imaging  techniques  are  expected 
to  prove  their  worth  in  drug  development,  patient  selection,  and 
tumor  response  monitoring. 
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Abstract 

Purpose  1 7 -Dimethy  laminoethy  lamino- 1 7-demethoxy  gel- 
danamycin  (17-DMAG),  a  heat-shock  protein  90  (Hsp90) 
inhibitor,  has  been  intensively  investigated  for  cancer 
therapy  and  is  undergoing  clinical  trials.  Human  epidermal 
growth  factor  receptor  2  (HER-2)  is  one  of  the  client 
proteins  of  Hsp90  and  its  expression  is  decreased  upon  17- 
DMAG  treatment.  In  this  study,  we  aimed  to  noninvasively 
monitor  the  HER-2  response  to  17-DMAG  treatment  in 
xenografted  mice. 

Methods  The  sensitivity  of  human  ovarian  cancer  SKOV-3 
cells  to  17-DMAG  in  vitro  was  measured  by  MTT  assay. 
HER-2  expression  in  SKOV-3  cells  was  determined  by 
flow  cytometry.  Nude  mice  bearing  SKOV-3  tumors  were 
treated  with  17-DMAG  and  the  therapeutic  efficacy  was 
evaluated  by  tumor  size  measurement.  Both  treated  and 
control  mice  were  imaged  with  microPET  using  64Cu- 
DOTA-trastuzumab  and  18F-FDG.  Biodistribution  studies 
and  immunofluorescence  staining  were  performed  to 
validate  the  microPET  results. 

Results  SKOV-3  cells  are  sensitive  to  17-DMAG  treatment, 
in  a  dose-dependent  manner,  with  an  IC50  value  of 
24.72  nM  after  72  h  incubation.  The  tumor  growth  curve 
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supported  the  inhibition  effect  of  17-DMAG  on  SKOV-3 
tumors.  Quantitative  microPET  imaging  showed  that  64Cu- 
DOTA-trastuzumab  had  prominent  tumor  accumulation  in 
untreated  SKOV-3  tumors,  which  was  significantly  reduced 
in  17-DM AG-treated  tumors.  There  was  no  uptake  differ¬ 
ence  detected  by  FDG  PET.  Immunofluorescence  staining 
confirmed  the  significant  reduction  in  tumor  HER-2  level 
upon  17-DMAG  treatment. 

Conclusion  The  early  response  to  anti-Hsp90  therapy  was 
successfully  monitored  by  quantitative  PET  using  64Cu- 
DOTA-trastuzumab.  This  approach  may  be  valuable  in 
monitoring  the  therapeutic  response  in  HER-2-positive 
cancer  patients  under  17-DMAG  treatment. 

Keywords  Human  epidermal  growth  factor  receptor 
(HER-2)  •  Positron  emission  tomography  (PET)  •  Heat-shock 
protein  90  (Hsp90)  •  17-dimethylaminoethylamino-17- 
demethoxygeldanamycin  (17-DMAG)  •  Trastuzumab 

Introduction 

The  chaperone  heat-shock  protein  90  (Hsp90)  has  recently 
emerged  as  a  promising  target  for  cancer  therapy  [1].  The 
unique  characteristic  of  Hsp90  lies  in  the  fact  that  it  targets 
a  specific  set  of  client  proteins  that  are  mainly  involved  in 
signal  transduction  pathways  [2].  Hsp90  has  been  reported 
to  play  an  important  role  in  the  progress  of  malignant 
disease,  and  elevated  Hsp90  levels  have  been  observed  in 
a  variety  of  cancers,  including  breast,  brain,  colon,  and 
lung  [3,  4].  Hsp90  inhibitors,  such  as  the  benzoquinone 
ansamycin  antibiotic  geldanamycin  (GA),  inhibit  the 
activity  of  Hsp90  and  further  disrupt  the  proper  conforma¬ 
tion  of  the  client  proteins  of  Hsp90,  including  epidermal 
growth  factor  receptor  2  (HER-2),  epidermal  growth  factor 
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receptor  (EGFR),  Akt,  and  wild-type  and  mutated  androgen 
receptors  (AR)  [5-7]. 

HER-2,  also  known  as  ErbB-2  (erythroblastic  leukemia 
viral  oncogene  homolog  2),  is  a  cell  membrane  surface- 
bound  receptor  tyrosine  kinase  [8].  Overexpression  of 
HER-2  increases  cell  proliferation,  anchorage-independent 
cell  growth,  cell  migration,  and  invasiveness  [9-11].  HER- 
2  overexpression  is  detected  in  up  to  30%  of  breast  and 
ovarian  cancers  [12].  Overexpression  of  HER-2  has  been 
correlated  with  invasive  and  poor  prognostic  features  [13]. 
HER-2  is  dependent  upon  Hsp90  for  its  stability  throughout 
the  whole  life  span  of  the  receptor,  including  the  maturation 
process  in  the  ER,  and  during  the  residency  of  the  receptor 
at  the  plasma  membrane  [14].  Consequently,  the  degrada¬ 
tion  of  HER-2  upon  inactivation  of  Hsp90  occurs  from  both 
the  ER  and  the  plasma  membrane  [15]. 

17-Allylamino-17-demthoxygeldanamycin  (17-AAG)  is  an 
Hsp90  inhibitor  derived  from  GA.  Both  preclinical  and  phase  I 
clinical  studies  of  17-AAG  have  shown  that  biologically 
relevant  dmg  exposures  can  be  achieved  with  surprisingly 
modest  toxicity  [16,  17].  However,  the  water  solubility  of  17- 
AAG  is  very  poor,  only  around  50  qg  /ml.  Thus,  it  requires 
the  addition  of  organic  excipients  such  as  dimethyl  sulfoxide 
(DMSO)  or  polyoxyl  castor  oil  (Cremophor)  [18].  Clinical 
trials  with  17-AAG  in  these  excipients  may  confound  the  true 
maximum  tolerated  dose  of  17-AAG  and  identification  of  the 
optimal  dosing  regimen  in  patients.  Indeed,  with  low  doses 
of  17-AAG  in  DMSO,  there  was  no  objective  antitumor 
responses  observed  in  several  phase  II  trials  including 
melanoma,  hormone-refractory  prostate  cancer,  and  renal  cell 
carcinoma  [19,  20].  By  modifying  the  side  group,  a  more 
water-soluble  analog,  1 7-dimethylaminoethylamino- 17- 
demethoxygeldanamycin  (17-DMAG),  has  been  developed 
and  shown  antitumor  activity  in  human  tumor  xenograft 
models  [21,  22].  17-DMAG  is  currently  in  phase  l/ll  clinical 
trials  [23]. 

The  assessment  of  early  response  to  anticancer  therapy 
can  improve  patient  care  by  identifying  the  only  responding 
patients  to  continue  the  treatment.  Those  who  do  not  respond 
and  therefore  may  not  benefit  from  the  therapy  will  be  able  to 
avoid  unnecessary  toxic  side  effects  and  switch  to  different, 
more  effective  therapeutic  approaches  in  a  timely  manner 
[24].  Since  HER-2  is  a  key  client  protein  of  Hsp90, 
analyzing  the  expression  status  of  HER-2  will  be  of  great 
help  in  antitumor  therapy  with  Hsp90  inhibitors  including 
17-DMAG.  Traditionally,  analyzing  HER-2  overexpression 
in  surgical  specimens  is  most  commonly  accomplished  by 
either  immunohistochemical  (IHC)  staining  or  fluorescence 
in  situ  hybridization  (FISH)  testing  [25,  26].  Despite  the 
preselection  for  HER-2  overexpression  based  on  IHC 
staining  or  FISH  of  a  tumor  biopsy,  only  11-35%  of 
patients  in  phase  II  trials  responded  to  trastuzumab  when  it 
was  given  as  a  single  agent  [27].  Alternatively,  various 


noninvasive  molecular  imaging  modalities  are  under  inten¬ 
sive  investigation  to  provide  the  comprehensive  diagnostic 
information  that  can  improve  patient  management  [28]. 

Trastuzumab  is  a  recombinant  humanized  anti-HER-2 
monoclonal  antibody  developed  by  inserting  the  comple¬ 
mentary  determining  regions  (CDRs)  of  mAb  4D5  into  the 
framework  of  a  consensus  human  IgG  [29,  30].  Trastuzumab 
has  been  labeled  with  various  isotopes,  chromophores,  and 
paramagnetic  nanoparticles  for  multimodality  imaging  of 
HER-2  expression  [31,  32].  With  U1ln-labeled  trastuzumab, 
HER-2-positive  SKOV-3  tumor  was  clearly  visualized  on 
gamma  camera  scintigram  imaged  72  h  after  injection  [33]. 
In  this  study,  we  treated  the  human  ovarian  cancer  SKOV-3 
xenograft  model  with  17-DMAG.  After  treatment,  64Cu- 
DOTA-trastuzumab  PET  imaging  was  performed  to  monitor 
HER-2  degradation.  The  goal  of  this  study  was  to  determine 
whether  PET  imaging  with  64Cu-DOTA- trastuzumab,  a 
HER-2  targeted  tracer,  could  be  used  to  evaluate  the 
expression  level  of  HER-2  and  to  further  monitor  the  early 
response  of  HER-2  degradation  upon  anti-Hsp90  therapy 
with  17-DMAG. 


Materials  and  methods 

All  commercially  available  chemical  reagents  were  used 
without  further  purification.  1,4,7,10-Tetraazadodecane-N, 
N',N",N'"-tetraacetic  acid  (DOTA)  was  purchased  from 
Macrocyclics,  Inc.  (Dallas,  TX,  USA)  and  Chelex  100  resin 
(50-100  mesh)  was  purchased  from  Aldrich  (St.  Louis, 
MO,  USA).  Water  and  all  buffers  were  passed  through  a 
Chelex  100  column  (1x15  cm)  before  use  in  radiolabeling 
procedures  to  ensure  that  the  aqueous  buffer  is  heavy  metal 
free.  PD- 10  desalting  columns  were  purchased  from  GE 
Healthcare  (Piscataway,  NJ,  USA).  Athymic  nude  mice 
were  obtained  from  Harlan  (Indianapolis,  IN,  USA)  at  4- 
6  weeks  of  age.  64Cu  was  provided  by  the  University  of 
Wisconsin-Madison.  The  human  ovarian  cancer  SKOV-3 
cell  line  was  obtained  from  the  American  Type  Culture 
Collection  (ATCC)  and  maintained  in  DMEM  medium 
supplemented  with  10%  fetal  bovine  serum  (FBS),  1% 
glutamine,  100  U/ml  penicillin,  and  100  mg/ml  streptomycin 
(Invitrogen,  Carlsbad,  CA,  USA). 

MTT  assay 

The  toxicity  of  17-DMAG  to  SKOV-3  cells  was  determined 
by  MTT  assay.  All  studies  were  performed  with  triplicate 
samples  and  repeated  at  least  three  times.  Briefly,  cells  were 
harvested  by  trypsinization,  resuspended  in  DMEM  medium, 
and  plated  in  a  96-well  plate  at  3,000  cells  per  well.  At  72  h 
after  treatment  with  different  doses  of  17-DMAG  (ranging 
from  0.1  nM  to  0.5  pM)  in  0.1%  DMSO  (Sigma,  St.  Louis, 
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MO,  USA),  the  culture  medium  was  replaced  and  50  ptl  of 
1.0  mg/ml  sterile  filtered  3-(4,  5-dimethylthiazol-2-yl)-2,  5- 
diphenyl  tetrazolium  bromide  (MTT,  Sigma,  St.  Louis,  MO, 
USA)  was  added  to  each  well.  The  unreacted  dye  was 
removed  after  4  h  and  the  insoluble  formazan  crystals  were 
dissolved  in  150  pi  of  DMSO.  The  absorbance  at  570  nm 
(reference  wavelength:  630  nm)  was  measured  with  a  Tecan 
microplate  reader  (Tecan,  San  Jose,  CA,  USA). 

Flow  cytometry 

Twenty-four  hours  after  17-DMAG  treatment,  SKOV-3  cells 
were  harvested  and  washed  with  phosphate-buffered  saline 
(PBS)  containing  0.5%  bovine  serum  albumin  (BSA).  Upon 
blockade  by  2%  BSA  in  PBS,  the  cells  were  incubated  with 
trastuzumab  (10  pg/ml  in  PBS  containing  2%  BSA). 
Fluorescein  isothiocyanate  (FITC)-conjugated  donkey  anti¬ 
human  IgG  was  then  added  and  allowed  to  incubate  for  1  h  at 
room  temperature.  After  washing,  the  cells  were  analyzed 
using  an  LSR  flow  cytometer  (Beckman  Coulter,  Fullerton, 
CA,  USA).  The  FITC  signal  intensity  was  analyzed  using  the 
Cell-Quest  software  (version  3.3,  Becton  Dickinson,  Franklin 
Lakes,  NJ,  USA). 

Western  blot 

At  8  and  24  h  after  treatment  with  200  nM  1 7-DMAG,  SKOV- 
3  cells  were  collected.  Total  protein  was  extracted  using 
radioimmunoprecipitation  assay  (RIPA)  buffer  (Pierce  Bio¬ 
technology,  Rockford,  IL,  USA)  plus  1  mM  ethylenediamine- 
tetraacetate  (EDTA),  1%  Triton  100,  10%  glycerol,  and 
protease  inhibitors.  The  concentration  of  total  protein  was 
determined  using  a  microBCA  protein  assay  kit  (Pierce 
Biotechnology,  Rockford,  IL,  USA).  After  sodium  dodecyl 
sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE) 
separation  of  40  pg  of  total  protein,  it  was  transferred  to  a 
polyvinylidene  fluoride  membrane  (Invitrogen,  Carlsbad,  CA, 
USA)  and  incubated  at  room  temperature  with  5%  nonfat 
milk  blocking  buffer.  The  blots  were  then  incubated  overnight 
at  4°C  with  trastuzumab  followed  by  incubation  at  room 
temperature  for  1  h  with  horseradish  peroxidase  (HRP)- 
conjugated  antihuman  antibody  and  anti-rabbit  antibody  (GE 
Healthcare,  Piscataway,  NJ,  USA).  The  bands  were  detected 
using  an  ECL  Western  blotting  detection  system  (GE  Health¬ 
care,  Piscataway,  NJ,  USA)  with  a-tubulin  as  loading  control. 

Tumor  model  and  treatment  protocol 

All  animal  experiments  were  performed  under  a  protocol 
approved  by  the  Stanford  University  Administrative  Panel 
on  Laboratory  Animal  Care  (A-PLAC). 

Subcutaneous  SKOV-3  tumor  models  were  established 
in  4-  to  6-week-old  female  athymic  nude  mice.  Typically, 


5xl06  cells  suspended  in  100  pi  of  serum- free  DMEM 
medium  were  injected  into  the  right  front  flank  of  the 
mice.  The  mice  were  subjected  to  microPET  imaging 
studies  when  the  tumor  volume  reached  200^100  mm3 
(3-4  weeks  after  inoculation).  Animals  in  one  group  each 
received  a  total  of  150  mg/kg  of  17-DMAG  dissolved  in 
10%  DMSO  and  10%  ethanol  over  24  h  in  three  doses  of 
50  mg/kg  each.  The  control  animals  were  each  injected 
with  equal  amounts  of  DMSO/ethanol  without  17-DMAG. 
For  therapy  study,  a  dose  of  50  mg/kg  of  17-DMAG  was 
given  by  tail  vein  injection  for  3  consecutive  days.  Tumor 
growth  was  monitored  by  caliper  measurement  and  tumor 
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Fig.  1  a  The  cytotoxic  effect  of  17-DMAG  on  SKOV-3  human 
ovarian  cancer  cells.  SKOV-3  cells  were  treated  with  serial  concen¬ 
trations  of  17-DMAG.  At  48  and  72  h  after  treatment,  the  cell 
proliferation  was  determined  by  MTT  assay,  b  Flow  cytometric 
analysis  of  HER-2  expression  on  SKOV-3  cells  after  being  treated 
with  different  concentrations  of  17-DMAG.  Trastuzumab  was  used  as 
the  primary  antibody  and  FITC-conjugated  donkey  antihuman  IgG  as 
the  secondary  antibody.  The  mean  value  of  FITC  signal  intensity 
( MFI)  of  the  three  measurements  are  also  shown  (mean±SD).  c 
Western  blot  of  HER-2  in  SKOV-3  cells  treated  or  untreated  with 
200  nM  of  17-DMAG.  Trastuzumab  was  used  as  the  primary  mAb. 
*p<0.05;  **p<0.01 
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volume  was  calculated  by  the  equation:  tumor  volume 
(mm3) = long  diameter  x  (short  diameter)  2 12. 

MicroPET  and  image  analysis 

Detailed  procedures  for  DOTA  conjugation  were  performed 
as  previously  described  [34].  64Cu-DOTA-trastuzumab  was 
purified  by  PD- 10  column  using  PBS  as  the  mobile  phase. 
PET  of  tumor-bearing  mice  was  performed  on  a  microPET 
R4  rodent  model  scanner  (Siemens  Medical  Solutions  USA, 
Inc.,  Malvern,  PA,  USA).  Twenty- four  hours  after  17- 
DMAG  treatment,  the  mice  were  intravenously  injected 
with  64Cu-DOTA-trastuzumab  (7-8  MBq/mouse)  and  static 
scans  were  acquired  at  4  and  24  h  post-injection  (p.i.).  For 
each  microPET  scan,  three-dimensional  regions  of  interest 
(ROIs)  were  drawn  over  the  tumor,  liver,  heart,  and 


muscle  on  decay-corrected  whole-body  coronal  images. 
The  average  radioactivity  concentration  within  a  tumor  or 
an  organ  was  obtained  from  the  mean  pixel  values  within 
the  ROI  volume,  which  were  converted  to  counts/ml  per 
min  by  using  a  conversion  factor.  Assuming  a  tissue  density 
of  1  g/ml,  the  counts/ml  per  min  were  converted  to  counts/g 
per  min  and  then  divided  by  the  injected  dose  (ID)  to  obtain 
an  imaging  ROI-derived  %ID/g. 

For  FDG  imaging,  after  fasting  for  6  h,  3.7  MBq  of  18F- 
FDG  in  150  pi  of  PBS  was  injected  via  tail  vein.  A  7-min 
prone  acquisition  scan  was  performed  approximately  60  min 
after  injection.  Mice  were  maintained  under  isoflurane 
anesthesia  during  the  injection,  accumulation,  and  scanning 
periods  and  the  body  temperature  was  maintained  by  a 
heating  lamp.  PET  images  were  analyzed  and  quantified  as 
described  above. 


Fig.  2  a  Flow  cytometric 
analysis  of  HER-2  expression 
on  SKOV-3  cells  with  DOTA- 
conjugated  trastuzumab  as  the 
primary  antibody.  The  mean 
value  of  FITC  signal  intensity 
(MFI)  of  the  three  measure¬ 
ments  are  also  shown  (mean± 
SD).  b  MicroPET  images  of 
SKOV-3  tumor-bearing  nude 
mice  at  different  time  points 
after  intravenous  injection  of 
64Cu-DOTA-trastuzumab 
G=4/group).  Decay-corrected 
whole-body  coronal  images  are 
shown  and  the  tumors  are  indi¬ 
cated  by  white  arrowheads. 
c  SKOV-3  tumor  and  major 
organ  uptake  of  64Cu-DOTA- 
trastuzumab  as  quantified  from 
microPET  scans  («=4/group) 
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Biodistribution  studies 

After  microPET  imaging,  mice  bearing  SKOV-3  tumor 
xenografts  were  sacrificed  and  dissected.  Blood,  tumor,  and 
major  organs  and  tissues  were  collected  and  wet  weighed. 
The  radioactivity  in  each  tissue  was  measured  using  a  gamma 
counter  (Packard  Instrument)  and  the  results  were  presented 
as  %ID/g.  For  each  mouse,  the  radioactivity  of  the  tissue 
samples  was  calibrated  against  a  known  aliquot  of  the 
injectate  and  normalized  to  a  body  mass  of  25  g.  Values 
were  expressed  as  mean±SD  for  a  group  of  four  animals. 

Immunofluorescence  staining 

Frozen  SKOV-3  tumor  sections  (5  \im  thick)  were  warmed 
to  room  temperature,  fixed  with  ice-cold  acetone  for 
10  min,  and  dried  in  the  air  for  30  min.  The  sections  were 
rinsed  in  PBS  for  2  min  and  blocked  in  10%  donkey  serum 
for  1  h  at  room  temperature.  The  sections  were  incubated 
with  trastuzumab  (10  qg/ml)  for  1  h  at  room  temperature 
and  visualized  with  FITC-conjugated  donkey  antihuman 
secondary  antibody  (1:200,  Jackson  ImmunoResearch 
Laboratories,  West  Grove,  PA,  USA)  under  a  microscope 
(Carl  Zeiss  Axiovert  200  M,  Carl  Zeiss  USA,  Thomwood, 
NY,  USA).  Images  were  acquired  under  the  same  con¬ 
ditions  and  displayed  at  the  same  scale. 

Statistical  analysis 

Quantitative  data  were  expressed  as  mean±SD.  Means  were 
compared  using  one-way  analysis  of  variance  (ANOVA)  and 
Student’s  t  test;  p  values <0.05  were  considered  statistically 
significant. 


Results 

17-DMAG  inhibits  SKOV-3  cell  proliferation  and  induces 
HER-2  degradation 

The  effect  of  1 7-DMAG  on  the  proliferation  of  SKOV-3  cells 
was  assessed  by  MTT  colorimetric  assay.  We  found  that  17- 
DMAG  inhibited  cell  proliferation  in  a  dose-dependent 
manner  (Fig.  la).  The  IC50  value  was  about  34.58  nM  at 
the  48-h  time  point  and  24.72  nM  at  the  72-h  time  point. 

17-DMAG  has  been  reported  to  downregulate  HER-2 
expression  through  the  inhibition  of  Hsp90  function  [35,36]. 
Next  we  performed  flow  cytometry  analysis  using  trastu¬ 
zumab  as  the  primary  antibody  to  assess  the  effect  of  17- 
DMAG  on  HER-2  expression  level  in  SKOV-3  cells.  As 
shown  in  Fig.  lb,  17-DMAG  significantly  decreased  HER- 
2  expression  in  a  dose-dependent  manner.  The  HER-2  level 
dropped  by  15%  after  incubation  with  100  nM  of  17- 


DMAG  for  24  h  and  by  65%  with  500  nM  of  17-DMAG. 
Western  results  (Fig.  lc)  showed  that  as  early  as  8  h  after 
treated  with  17-DMAG  HER-2  protein  level  began  to 
decrease,  indicating  that  it  is  possible  to  detect  the  early 
response  of  SKOV-3  cells  to  17-DMAG  treatment  by 
monitoring  HER-2  degradation. 

Imaging  HER-2  expression  with  microPET 

64Cu-DOTA-trastuzumab  was  determined  to  have  around 
20  DOTA  residues  per  trastuzumab  [37].  Flow  cytometry 
analysis  with  DOTA-trastuzumab  showed  that  after  DOTA 
conjugation,  the  antibody  still  keeps  relatively  high  binding 
affinity  with  HER-2  (Fig.  2a).  The  specific  activity  of 


4  hr 


24  hr 


Fig.  3  a  MicroPET  images  of  SKOV-3  tumor-bearing  nude  mice 
treated  with  or  without  17-DMAG  at  4  and  24  h  after  intravenous 
injection  of  64Cu-DOTA-trastuzumab  («=4/group).  Decay-corrected 
whole-body  coronal  images  are  shown  and  the  tumors  are  indicated  by 
white  arrows,  b  SKOV-3  tumor  uptake  of  64Cu-DOTA-trastuzumab  as 
quantified  from  microPET  scans  (/?= 4/group) 
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64Cu-DOTA-trastuzumab  was  1.36±0.15  GBq/mg  mAb 
and  the  radiolabeling  yield  was  around  85%.  PET  scans 
were  performed  at  different  time  points  after  i.v.  injection  of 
3.7  MBq  of  64Cu-DOTA-trastuzumab  to  SKOV-3  tumor¬ 
bearing  nude  mice.  As  seen  in  Fig.  2b,  the  SKOV-3  tumor 
uptake  of  64Cu-DOTA-trastuzumab  was  increased  with 
time  and  almost  reached  a  plateau  at  about  24  h  p.i.  The 
tumor  uptake  was  2.39±0.76,  6.13±2.30,  19.85±0.83,  and 
25.69±3.10  %ID/g  at  1,  4,  24,  and  48  h  p.i.,  respectively. 
64Cu-DOTA-trastuzumab  exhibited  high  uptake  in  the  heart 
(due  to  the  blood  pool  activity)  and  liver  at  early  time 
points,  whereas  the  tracer  uptake  in  all  the  other  organs  was 
at  the  background  level  (Fig.  2b).  As  shown  in  Fig.  2c,  the 
tracer  uptake  in  both  the  heart  and  the  liver  dropped 
steadily  over  time.  For  the  heart,  the  uptake  was  29.68 ± 
4.05,  22. 1 5 ±6. 1 1 ,  12.34±5.54,  and  9.72±6.58  %ID/g  at  1, 
4,  24,  and  48  h  p.i.,  respectively.  For  the  liver,  the  uptake 
was  23.25±1.92,  16.91±1.33,  11.81±1.64,  and  10.45± 
1.38  %ID/g  at  1,  4,  24,  and  48  h  p.i.,  respectively. 

MicroPET  imaging  of  HER-2  degradation 

In  order  to  image  the  HER-2  changes  after  17-DMAG  treat¬ 
ment,  PET  scans  were  performed  in  SKOV-3  tumor-bearing 


animals  24  h  after  a  single  dose  of  17-DMAG  treatment.  The 
decay-corrected  whole-body  coronal  images  containing 
the  tumors  are  shown  in  Fig.  3a.  After  being  treated  with 
150  mg/kg  of  17-DMAG  for  24  h,  the  SKOV-3  tumor 
uptake  of  64Cu-DOTA-trastuzumab  was  much  lower  at  both 
early  and  late  time  points  as  compared  with  the  untreated 
group.  Quantitative  data  based  on  ROI  analysis  are  shown 
in  Fig.  3b.  In  untreated  mice,  the  SKOV-3  tumor  uptake  of 
64Cu-DOTA-trastuzumab  was  10.96±0.93  %ID/g  and 
33.90±7.82  %ID/g  at  4  and  24  h  p.i.,  respectively.  The 
uptake  in  17-DM AG-treated  tumors  was  significantly 
lower,  with  4.75±2.41  %ID/g  and  11.74±4.23  %ID/g  at  4 
and  24  h  p.i.,  respectively  (p<0.05  at  both  time  points). 
There  were  no  significant  differences  in  64Cu-DOTA- 
trastuzumab  uptake  in  other  major  organs  between  the  17- 
DM  AG-treated  and  untreated  animals. 

Biodistribution  studies 

After  microPET  imaging  at  24  h  p.i.,  the  animals  were 
sacrificed  for  biodistribution  studies  and  the  results  are 
shown  in  Fig.  4a.  The  untreated  SKOV-3  tumors  had  a  high 
tracer  uptake  of  33.43±8.93  %ID/g,  consistent  with  the 
noninvasive  microPET  imaging  results.  After  17-DMAG 


Fig.  4  a  Biodistribution  of 
64Cu-DOTA-trastuzumab  (with 
or  without  17-DMAG  treatment) 
in  SKOV-3  tumor-bearing  mice 
at  24  h  post-injection  (n= 4/ 
group),  b  Immunofluorescence 
staining  of  HER-2  in  17- 
DMAG-treated  and  untreated 
SKOV-3  tumor  tissues.  Images 
were  obtained  under  the  same 
conditions  and  displayed  at  the 
same  magnification  and  scale 
(200x).  *p< 0.05;  **^<0.01 
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treatment,  the  uptake  decreased  significantly  to  10.08± 
0.71  %ID/g  (/?<0.01).  Blood  activity  concentration  was 
15.38±6.09  and  15.61  ±4.71  %ID/g  in  17-DMAG-treated 
and  control  group,  indicating  the  relatively  long  circulation 
half-life  of  the  antibody.  The  liver  also  had  prominent 
radioactivity  accumulation,  with  an  uptake  of  8.17±1.79 
and  7.71  ±1.40  %ID/g  at  24  h  p.i.,  due  to  both  the  hepatic 
clearance  of  antibody-based  tracer  and  possible  trans¬ 
chelation.  The  spleen  also  had  uptake  similar  to  the  liver. 

Immunofluorescence  staining 

To  further  confirm  that  17-DMAG  induces  HER-2  degrada¬ 
tion  in  vivo,  we  performed  immunofluorescence  staining 
using  trastuzumab  as  the  primary  antibody  and  FITC- 
conjugated  donkey  antihuman  IgG  as  the  secondary  antibody. 
Images  were  taken  under  the  same  conditions  and  displayed 
at  the  same  scale  to  make  sure  that  the  relative  brightness 
observed  in  the  images  reflected  the  difference  in  HER-2 
expression  level.  In  the  untreated  SKOV-3  tumor,  HER-2 
expression  was  very  high  as  indicated  by  the  strong  pseudo¬ 
colored  green  signal  in  the  tissue.  After  being  treated  with  17- 
DMAG,  HER-2  expression  was  apparently  lower  with  a 
much  weaker  fluorescence  signal  (Fig.  4b).  Both  the 
biodistribution  and  immunofluorescence  staining  studies 
confirmed  that  the  decrease  in  tumor  HER-2  expression 
level  upon  17-DMAG  treatment  can  be  noninvasively 
monitored  by  64Cu-DOTA-trastuzumab  PET. 
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17-DMAG  inhibits  SKOV-3  tumor  growth 

The  effects  of  17-DMAG  on  both  the  tumor  volume  and 
body  weight  are  shown  in  Fig.  5a  and  Fig.  5b,  respectively. 
17-DMAG  is  relatively  nontoxic  as  there  was  no  significant 
difference  in  mouse  body  weight  between  the  control  and 
treated  animals.  After  treatment  with  17-DMAG,  the  tumor 
growth  was  delayed  and  the  tumor  size  was  significantly 
smaller  than  the  control  group  by  day  12  (p<0.01).  The 
tumors  in  the  control  animals  continued  to  grow  exponen¬ 
tially  with  an  apparent  doubling  time  of  5.1  days  and 
increased  in  size  by  a  factor  of  6.1  by  day  16.  In 
comparison,  the  17-DMAG-treated  animals  were  only 
increased  in  size  by  a  factor  of  3.3  by  day  16  (Fig.  5a). 


Fig.  5  a  Comparison  of  SKOV-3  tumor  growth  in  nude  mice  treated 
with  17-DMAG  vs  control  animals,  b  Comparison  of  body  mass  of 
nude  mice  treated  with  17-DMAG  vs  control  animals.  Animals  were 
treated  with  17-DMAG  (50  mg/kg  per  day)  for  3  consecutive  days 

of  64Cu-DOTA-trastuzumab  (25.68±5.33  %ID/g)  at  24  h  p.i. 
than  that  of  the  17-DMAG-treated  group  (12.86±2.41  %ID/g). 
The  tumors  showed  low  64Cu-DOTA-IgG  uptake  (5.34± 
1.24  %ID/g),  further  confirming  the  specificity  of  64Cu- 
DOTA-trastuzumab  and  low  nonspecific  targeting  of  anti¬ 
bodies  in  SKOV-3  tumor  models. 


Discussion 


Imaging  of  HER-2  changes  during  the  therapeutic  process 

At  day  7  after  the  first  dose  of  17-DMAG,  i.e.,  day  3  after 
the  last  dose,  the  animals  were  scanned  with  18F-FDG  and 
64Cu-DOTA-trastuzumab  in  tandem  (Fig.  6).  All  tumors 
showed  relatively  high  uptake  of  FDG.  However,  there  was 
no  significant  difference  between  the  therapeutic  group 
(4.85±0.73  %ID/g)  and  the  control  group  (4.95±0.82  %ID/g). 
In  contrast,  control  tumors  showed  much  higher  accumulation 


It  has  been  reported  that  the  Hsp90  inhibitor  17-DMAG  is  a 
more  effective  cytotoxic  agent  than  17-AAG  in  gynecologic 
cancer  cells  by  affecting  multiple  downstream  pathways 
including  EGFR/HER-2  and  Akt/PTEN  [38].  The  antitumor 
efficacy  of  17-DMAG  has  also  been  confirmed  in  human 
breast  and  melanoma  tumor  models  [39].  In  this  study,  we 
treated  SKOV-3  human  ovarian  cancer  model  with  17- 
DMAG  and  both  in  vitro  and  in  vivo  data  supported  that  17- 
DMAG  is  a  potent  anticancer  agent.  During  the  therapeutic 
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Fig.  6  a  MicroPET  images  of 
SKOV-3  tumor-bearing  nude 
mice  with  64Cu-DOTA- 
trastuzumab  at  day  5  after  being 
treated  with  17-DMAG 
G=4-7/group).  Decay-corrected 
whole-body  coronal  images 
are  shown  and  the  tumors  are 
indicated  by  white  arrowheads. 
b  SKOV-3  tumor  uptake  of 
64Cu-DOTA-trastuzumab  as 
quantified  from  microPET  scans 
(n= 4-7/group),  c  MicroPET 
images  of  SKOV-3  tumor¬ 
bearing  nude  mice  with 
18F-FDG  at  day  5  after  treatment 
with  17-DMAG  (n= 4-7/group). 
Decay-corrected  whole-body 
coronal  images  are  shown  and 
the  tumors  are  indicated  by 
white  arrowheads,  d  SKOV-3 
tumor  uptake  of  18F-FDG  as 
quantified  from  microPET  scans 
G=4-7/group).  *p<0.05; 
**£><0.01 
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process,  we  performed  microPET  imaging  with  64Cu-labeled 
anti-HER-2  mAb  trastuzumab  for  the  noninvasive  moni¬ 
toring  of  HER-2  expression  and  degradation. 

Accurate  evaluation  of  the  HER-2  status  in  tumors  by 
noninvasive  molecular  imaging  will  be  critical  for  HER-2- 
related  therapies.  HER-2  itself  is  an  intensively  investigated 
therapeutic  target  and  trastuzumab  is  the  first  monoclonal 
antibody  approved  by  the  Food  and  Drug  Administration 
(FDA).  Guidelines  of  the  American  Society  of  Clinical 
Oncology  (ASCO)  recommend  evaluation  of  HER-2  expres¬ 
sion  on  every  primary  breast  cancer  either  at  the  time  of 
diagnosis  or  at  the  time  of  recurrence  [40].  Moreover,  as  a 
key  component  in  promoting  cell  proliferation,  HER-2  is 
closely  related  to  other  therapeutics  such  as  Hsp90  inhibitors 
as  performed  in  this  study  or  histone  deacetylase  (HD AC) 
inhibitors  [41,  42].  Through  monitoring  the  status  of  HER- 
2,  the  early  response  to  certain  drugs  or  potential  drug 
candidates  can  be  assessed.  In  this  study,  a  series  of  imaging 
studies  were  carried  out  to  evaluate  HER-2  expression  level. 
First,  64Cu-DOTA-trastuzumab  accumulation  was  clearly 
visualized  on  untreated  SKOV-3  tumors,  reaching  a  plateau 
from  24  to  48  h  p.i.  Second,  the  tumor  accumulation  of 
64Cu-DOTA-trastuzumab  quantified  from  PET  ROI  analysis 
was  significantly  lower  in  17-DM AG-treated  animals  (3  x 
50  mg/kg  17-DMAg  administered  within  24  h)  than  in 
untreated  animals  (11.74±4.23  %ID/g  vs  33.90±7.82  %ID/g 
24  h  p.i.),  which  corroborates  the  direct  tissue  sampling 


biodistribution  studies  of  the  same  animals  after  the  micro¬ 
PET  scans.  The  HER-2  degradation  was  further  confirmed  by 
ex  vivo  immunofluorescent  staining.  Finally,  we  treated  the 
animals  with  3x50  mg/kg  17-DMAG  for  3  consecutive  days 
and  measured  the  tumor  size  to  observe  the  therapeutic 
efficacy  of  17-DMAG.  18F-FDG  PET  was  performed  at  day 
4  since  the  start  of  the  treatment  and  64Cu-DOTA- 
trastuzumab  PET  at  day  5.  Again,  tumor  accumulation  of 
64Cu-DOTA-trastuzumab  was  significantly  lower  in  the  17- 
DMAG-treated  group  than  that  in  the  control  group  as 
reflected  on  the  quantitative  microPET  images.  In  contrast, 
FDG  PET  was  unable  to  differentiate  the  treated  from 
untreated.  Smith-Jones  et  al.  previously  imaged  HER-2  level 
in  a  17- A  AG-treated  BT-474  human  breast  cancer  model 
and  found  that  the  decrease  of  HER-2  level  lasted  for  at  least 
7  days  [43].  The  results  from  our  experiment  are  consistent 
with  their  findings. 

Despite  the  high  affinity  for  HER-2  antigen  and  high 
accumulation  in  HER-2-positive  tumors,  64Cu-DOTA- 
trastuzumab  has  relatively  slow  clearance  that  makes  it 
unsuitable  for  multiple  scans  within  short  time  intervals. 
The  imaging  studies  were  done  in  a  subcutaneous  ovarian 
cancer  model.  It  is  not  clear  whether  64Cu-DOTA-trastuzumab 
will  be  as  useful  in  orthotopic  ovarian  cancer  models  since 
this  antibody  probe  has  relatively  high  uptake  in  the  liver 
and  lower  abdomen.  For  such  purposes,  suitably  labeled 
small  molecules,  peptides,  antibody  fragments,  or  affibodies 
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might  have  an  advantage  over  intact  monoclonal  antibodies 
[44,  45].  Overall,  antibodies  are  still  the  best  established 
class  of  binding  molecules  for  tumor  diagnosis  and  therapy 
[23,  46].  Compared  with  antibody  fragments  and  affibodies, 
whole  antibodies  are  superior  in  both  affinity  and  specificity 
to  the  targets.  In  addition,  much  lower  kidney  accumulation 
may  be  an  add-on  for  ovarian  cancer  localization  and 
evaluation.  Finally,  64Cu-DOTA-trastuzumab  PET  imaging 
will  be  more  appropriate  to  the  situation  in  which  Hsp90 
inhibitors  were  combined  with  trastuzumab  for  synergistic 
tumor  control.  Since  HER-2  is  one  of  the  most  sensitive 
client  proteins  of  Hsp90  [6],  it  is  not  surprising  to  see 
synergistic  effect  when  combining  Hsp90  inhibition  and  anti- 
HER-2  therapy.  Indeed,  it  has  been  reported  that  the 
combination  of  trastuzumab  and  17-AAG  induced  enhanced 
HER-2  degradation  and  cytotoxicity  in  HER-2  overexpress¬ 
ing  breast  cancer  cells  [47].  More  importantly,  the  synergistic 
growth  arrest  and  cell  death  was  not  observed  in  cancer  cells 
with  low  HER-2  expression.  This  synergistic  effect  was 
further  substantiated  by  a  phase  l/ll  trial  which  showed 
multiple  partial  responses  in  HER-2 -positive  metastatic  breast 
cancer  patients  using  17-AAG  plus  trastuzumab  [48].  It  is 
worth  mentioning  that  the  same  dose  and  schedule  of  17- 
AAG  was  used  in  this  trial  as  the  other  failed  clinical  trials 
described  earlier  [19].  With  64Cu-DOTA-trastuzumab  PET 
imaging,  more  comprehensive  information  can  be  retrieved 
noninvasively  including  HER-2  expression  status,  antibody 
delivery  and  distribution,  and  early  response  to  the  combined 
treatment. 

Conclusion 

We  describe  here  the  use  of  quantitative  HER-2  PET 
imaging  with  64Cu-DOTA-trastuzumab  for  monitoring  the 
early  therapeutic  response  upon  17-DMAG  treatment  in  a 
SKOV-3  human  ovarian  cancer  model.  The  quantification 
of  HER-2  degradation  during  17-DMAG  treatment  using 
PET  imaging  is  consistent  with  the  in  vitro  and  ex  vivo 
measurements.  This  approach  may  be  clinically  translated  to 
monitor  the  therapeutic  response  in  HER-2-positive  cancer 
patients  under  17-DMAG  treatment  and  to  select  patients  for 
17-DMAG  and  trastuzumab  combination  therapy. 
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Angiogenesis  refers  to  the  process  by  which  new 
blood  vessels  are  formed  and  is  involved  in  various 
physiologic  as  well  as  pathologic  processes, 
including  physical  development,  wound  repair, 
reproduction,  response  to  ischemia,  arthritis, 
psoriasis,  retinopathies,  solid  tumor  growth,  and 
metastatic  tumor  spread.1  Angiogenesis  is  a  highly 
controlled  process  that  is  dependent  on  the  intri¬ 
cate  balance  of  both  promoting  and  inhibiting 
factors. 

Antiangiogenic  and  antivascular  agents  are 
intensively  investigated  for  tumor  therapy  and 
can  be  potentially  used  to  control  eye  diseases 
and  arthritis.  Proangiogenic  therapy  are  also 
undergoing  clinical  trials  in  human  patients 
suffering  from  ischemic  heart  disease,  peripheral 
vascular  disease,  chronic  wounds,  or  stroke.2  A 
comprehensive  understanding  of  the  molecular 
mechanisms  that  regulate  angiogenesis  has 
resulted  in  the  design  of  new  and  more  effective 
therapeutic  strategies.3  Although  preclinical 
animal  studies  have  demonstrated  the  benefit  of 
proangiogenic  therapy,  recent  clinical  trials 
focused  on  the  stimulation  of  myocardial  or 
peripheral  angiogenesis  by  the  local  delivery  of 
growth  factors  were  somewhat  disappointing, 
showing  no  clear  benefit  over  placebo  in  subjects 
with  severe  ischemia.4  Most  of  these  studies  eval¬ 
uated  angiogenesis  by  using  standard  clinical 
endpoints  or  by  looking  for  a  physiologic  improve¬ 
ment  (ie,  improvement  in  perfusion).  These 


approaches  may  have  insufficient  sensitivity  to 
detect  a  therapeutic  benefit. 

For  tumor  therapy,  bevacizumab,  a  humanized 
monoclonal  antibody  directed  against  vascular 
endothelial  growth  factor  (VEGF),  is  the  first  drug 
developed  as  an  inhibitor  of  angiogenesis 
approved  by  the  Food  and  Drug  Administration 
(FDA).5-7  Sorafenib  and  sunitinib  that  target 
multiple  receptor  tyrosine  kinases  (VEGF  recep¬ 
tors  and  platelet-derived  growth  factor— PDGF— 
receptors),  have  also  been  approved  by  the  FDA 
as  antiangiogenic  drugs.8  Traditionally,  the  gold 
standard  to  evaluate  therapeutic  response  is 
tumor  volume  change.  Clinical  trials  with  conven¬ 
tional  cytotoxic  chemotherapeutic  agents  have 
mainly  used  morphologic  imaging  to  provide 
indices  of  therapeutic  response,  mostly  CT  or 
MR  imaging  according  to  the  Response  Evaluation 
Criteria  in  Solid  Tumors  introduced  in  2000. 9 
However,  antiangiogenic  agents  are  typically  cyto¬ 
static  rather  than  cytotoxic  and  lead  to  a  stop  or 
delay  of  tumor  progression  rather  than  tumor 
shrinkage.  Thus,  it  is  not  sensitive  to  use  tumor 
volume  as  an  indicator  for  therapeutic  efficacy 
evaluation  and  it  might  take  months  or  years  to 
assess. 

Both  the  success  and  setback  in  angiogenesis- 
related  therapies  spur  the  need  for  the  develop¬ 
ment  of  noninvasive  imaging  strategies  for  the 
direct  noninvasive  evaluation  of  molecular  events 
associated  with  angiogenesis.  Imaging  is 
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expected  to  provide  a  novel  approach  to  noninva- 
sively  monitor  angiogenesis,  to  optimize  the  dose 
of  new  antiangiogenic  agents,  and  to  assess  the 
efficacy  of  therapies  directed  at  modulation  of 
the  angiogenic  process.10-13  This  article,  after  brief 
introduction  of  angiogenesis  biology  and  structure 
and  functional  imaging  of  angiogenesis  with 
various  imaging  modalities,  focuses  on  the  appli¬ 
cation  of  PET  in  angiogenesis  imaging  at  both 
the  functional  and  molecular  level. 

BIOLOGY  OF  ANGIOGENESIS 

The  whole  angiogenesis  process  involves  several 
steps,  including  the  growth  of  endothelial  sprouts 
from  pre-existing  postcapillary  venules  and 
following  the  growth  and  remodeling  process  of 
the  primitive  network  into  a  complex  network.14 
The  cellular  and  molecular  mechanisms  of  angio¬ 
genesis  differ  in  various  tissues  and  physiologic 
or  pathologic  angiogenesis.15  This  section  gives 
a  brief  introduction  of  tumor  angiogenesis. 

Each  solid  malignancy  starts  as  a  small  popula¬ 
tion  of  transformed  cells  that  do  not  initially  have 
a  blood  supply  of  their  own.  Tumor  cells  are  initially 
supplied  by  diffusion  and  tumor  growth  is  limited 
by  the  lack  of  access  to  growth  factors,  circulating 
oxygen,  and  nutrients.16  Without  angiogenesis, 
the  growth  of  solid  tumors  remains  restricted  to 
2  mm  to  3  mm  in  diameter.17  Tumor  angiogenesis 
occurs  as  a  series  of  events.18,19  First,  diseased 
tissues  produce  and  release  angiogenic  growth 
factors  that  diffuse  into  the  nearby  tissues  in 
response  to  tumor  hypoxia,  such  as  the  VEGF, 
the  acidic  and  basic  fibroblast  growth  factors 
(aFGF,  bFGF),  and  the  platelet-derived  endothelial 
cell  growth  factor.20  When  the  angiogenic  growth 
factors  bind  to  their  corresponding  specific  recep¬ 
tors  located  on  the  endothelial  cells  of  pre-existing 
blood  vessels,  various  signal  transduction  path¬ 
ways  are  activated,  for  example  phosphorylation 
of  tyrosine  kinases,  protein  kinases,  and  MAP 
kinases,  and  consequently  to  the  activation  of 
endothelial  cells.21,22  Consequently,  the  original 
vessels  undergo  characteristic  morphologic 
changes,  including  enlargement  of  the  diameter, 
basement  membrane  degradation,  a  thinned 
endothelial  cell  lining,  increased  endothelial 
number,  decreased  pericyte  number,  and  pericyte 
detachment.23  In  the  next  step,  several  different 
mechanisms  may  lead  to  the  formation  of  new 
tumor  blood  vessels.24,25  The  original  vessels 
may  retain  their  large  diameter  and  evolve  into 
medium-sized  arteries  and  veins  by  acquiring 
a  smooth  muscle  and  internal  elastica.  Alterna¬ 
tively,  the  endothelium  of  a  mother  vessel  may 
form  smaller,  separate,  well-differentiated  vessel 


channels  by  projecting  cytoplasmic  structures 
into  the  lumen,  which  form  translumenal  bridges. 
A  third  process  is  called  “intussusception”  and 
involves  focal  invagination  of  connective  tissue 
pillars  from  within  the  mother  vessel.  Finally,  endo¬ 
thelial  cell-sprouting  may  occur,  which  requires 
the  focal  dissolution  of  the  basement  membrane 
surrounding  mother  vessels.26  This  is  achieved 
by  a  number  of  proteolytic  enzymes,  including 
matrix  metal loproteinases  (MMPs)  and  plasmin¬ 
ogen  activator,  which  enable  endothelial  cells  to 
exit  the  vessel.  Activated  angiogenic  endothelial 
cells  proliferate  rapidly  and  migrate  into  the  extra¬ 
cellular  matrix  toward  the  angiogenic  stimulus.27 
Cell  surface-adhesion  molecules,  such  as  integ- 
rins,  play  an  important  role  in  endothelial  cell 
migration  and  in  contact  with  the  extracellular 
tumor  matrix,  facilitate  cell  survival.28,29  At  the 
sprouting  tips  of  growing  vessels,  endothelial  cells 
secrete  MMPs  that  facilitate  degradation  of  the 
extracellular  matrix  and  cell  invasion.30  Next, 
a  lumen  within  an  endothelial  cell  tubule  has  to 
be  formed,  which  requires  interactions  between 
the  extracellular  matrix  and  cell-associated 
surface  proteins,  among  them  are  galectin-2, 
PECAM-1,  and  VE-cadherin.31  Finally,  newly 
formed  vessels  are  stabilized  through  the  recruit¬ 
ment  of  smooth  muscle  cells  and  pericytes. 

STRUCTURAL  IMAGING  OF  VASCULATURE/ 
ANGIOGENESIS 

All  imaging  modalities  can  provide  structural  infor¬ 
mation,  although  they  have  different  spatial  resolu¬ 
tion.  The  old-fashioned  way  for  vascular  structure 
imaging  is  X-ray  angiography.  However,  it  is  diffi¬ 
cult  to  provide  microvasculature  information. 
Following  the  steps  of  improvement  of  imaging 
equipments,  contrast  agents,  and  data  acquisition 
and  analysis  techniques,  more  detailed  vascular 
structure  was  deciphered.  Several  modalities  are 
available  for  tumor  microvascular  imaging, 
including  intravital  microscope,  CT  angiography, 
contrast-enhanced  ultrasound  (US),  and  high- 
resolution  MR  angiography.32  Ex  vivo  structural 
imaging  of  tumor  vasculature  can  be  achieved  by 
various  techniques,  such  as  vascular  casts,33,34 
immunohistochemic  staining  of  endothelial  cell 
markers  such  as  CD31  and  von  Willebrand 
factor,35,36  labeling  the  endothelial  cells  by  fluores¬ 
cent  reporters  expressed  in  transgenic  mice,37,38 
and  intravital  labeling.39,40  Tumor  macrovascula¬ 
ture  imaging  can  be  performed  clinically  by  various 
imaging  modalities,  such  as  CT,41,42  MR 
imaging,43,44  and  US.45  However,  visualization  of 
the  microvasculature  is  very  challenging  even  after 
administration  of  intravascular  contrast  agents. 
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Scanners  dedicated  to  small-animal  imaging 
studies,  such  as  microCT,  have  better  spatial  reso¬ 
lution  in  preclinical  models  but  with  poor  temporal 
resolution  and  large  radiation  exposure.46 

Intravital  microscopy  of  tumors  growing  in 
window  chambers  in  animal  models  can  directly 
investigate  tumor  angiogenesis  and  vascular 
response  to  treatment,  in  terms  of  both  the 
morphology  of  the  vascular  networks  and  the 
function  of  individual  vessels.47  This  technique 
allows  for  repeated  measurements  of  the  same 
tumor  with  very  high  resolution  (down  to  submi¬ 
crometer  level).  Multiphoton  fluorescence  micros¬ 
copy  techniques  have  also  been  applied  to  these 
model  systems  to  obtain  three-dimensional 
images  of  the  tumor  vasculature.47 

FUNCTIONAL  IMAGING  OF  VASCULATURE 

The  major  consequence  of  angiogenesis  is  to 
perfuse  and  oxygenate  surrounding  tissue;  there¬ 
fore,  the  angiogenic  process  can  be  assessed  by 
the  evaluation  of  standard  physiologic  parame¬ 
ters,  such  as  regional  perfusion,  function,  and 
metabolism.  During  antiangiogenic  or  proangio- 
genic  therapies,  the  changes  in  hemodynamic 
parameters  can  also  be  promising  biomarkers  for 
evaluating  the  therapeutic  effect  along  with 
morphologic  changes.  Traditionally,  tumor  angio¬ 
genesis  and  antiangiogenic  therapy  have  been 
evaluated  by  methods  such  as  measurement  of 
circulating  angiogenic  markers  and  histologic  esti¬ 
mate  of  microvascular  density.  Various  imaging 
modalities,  including  dynamic  contrast-enhanced 
(DCE)  MR  imaging,  US,  PET  (especially  with 
[150]water),  and  DCE-CT  are  currently  employed 
to  provide  functional  information  of  the 
vasculature.48 

DCE-MR  imaging  has  been  well  established  to 
investigate  angiogenesis  within  tumors,  and  in 
particular  the  response  to  antiangiogenic  therapy. 
DCE-MR  imaging  works  by  tracking  the  pharma¬ 
cokinetics  of  injected  contrast  agents  as  they 
pass  through  the  tumor  vasculature,  which  repre¬ 
sents  a  complex  summation  of  vascular  perme¬ 
ability,  blood  flow,  vascular  surface  area,  and 
interstitial  pressure.49,50 

DCE-MR  imaging  can  be  performed  with  low- 
molecular-weight  contrast  media  (LMCM)  such  as 
Gd-diethylenetriamine  pentaacetic  acid  (Gd- 
DTPA)  or  macromolecular  contrast  media 
(MMCM),  such  as  Gd  conjugated  human  serum 
albumin.51  It  has  been  shown  that  DCE-MR 
imaging  can  detect  responses  to  PTK/ZK  (a  VEGF 
receptor-tyrosine  kinase  inhibitor)  therapy  as  early 
as  2  days  after  therapy  with  significant  reductions 
in  area  under  gadolinium-contrast-medium  curve52 


or  permeability  parameters,53  which  also  predict 
subsequent  response.  LMCM  DCE-MR  imaging 
has  also  shown  significant  reductions  in  perme¬ 
ability  values  in  patients  treated  with  the  antivascu- 
lar  agents  AG-013,736  (an  inhibitor  of  the  VEGF, 
PDGF,  and  c-Kit  receptor  tyrosine  kinases)  and 
SU5416  (a  selective  inhibitor  of  VEGFR-2  tyrosine 
kinase)  activity.54  Although  consensus  is  still  lack¬ 
ing  on  the  exact  kinetic  model  to  be  used  in 
analyzing  DCE-MR  imaging  data,  the  differences 
among  the  various  methods  are  often  marginal. 
Therefore,  DCE-MR  imaging  is  rapidly  emerging 
as  the  imaging  technique  of  choice  for  monitoring 
clinical  response  in  trials  of  new  antiangiogenic 
and  antivascular  therapies.  Unlike  LMCM,  the 
increased  size  of  MMCMs  makes  them  less  diffus¬ 
ible,  and  Ktrans  values  may  reflect  permeability 
within  tumors  more  accurately.55  MMCMs  can 
also  give  more  accurate  estimates  of  tumor  blood 
volume  because  they  are  excellent  blood-pool 
agents.  For  example,  SU6668  is  an  oral,  small- 
molecule  inhibitor  of  angiogenic  receptor  tyrosine 
kinases,  such  as  VEGFR-2  (Flk-1/KDR),  PDGFR, 
and  FGF  receptor.  DCE-MR  imaging  clearly  de¬ 
tected  the  early  effect  (after  24  hours  of  treatment) 
of  SU6668  on  tumor  vasculature  as  a  51  %  and  26% 
decrease  in  the  average  vessel  permeability 
measured  in  the  tumor  rim  and  core,  respectively. 
A  substantial  decrease  was  also  observed  in 
average  fractional  plasma  volume  in  the  rim  (59%) 
and  core  (35%)  of  the  tumor.56,57  In  addition  to 
DCE-MR  imaging,  other  MR  imaging  techniques 
have  also  been  developed  to  retrieve  functional 
information  of  the  vasculature.  In  arterial  spin 
labeling,  water  molecules  can  be  labeled  for  MR  im- 
gaging  by  inverting  the  nuclear  spin  of  their 
hydrogen  atoms  with  a  radiofrequency  pulse 
directed  at  the  arterial  blood  before  it  enters  the 
regions  of  interest  (ROIs). 58,59  An  absolute  value 
of  blood  flow  is  determined  by  the  change  in  the 
MR  signal  as  the  labeled  water  in  the  arterial  blood¬ 
stream  arrives  in  the  ROI.60  Blood-oxygen-level 
dependent  MR  imaging  can  detect  the  changes  in 
oxygen  saturation  of  the  blood  and  this  effect  can 
be  enhanced  by  increasing  the  amount  of  oxygen 
in  the  breathed  air.61,62 

US  is  also  well  established  as  a  means  of 
measuring  blood  flow  or,  more  precisely,  blood 
velocity  using  the  Doppler  principle  or  microbub¬ 
bles  as  contrast  agent.63-66  Power  Doppler  can 
be  quantified  to  give  an  estimate  of  the  relative 
fractional  vascular  volume,  while  microbubbles 
can  show  blood  flow  down  to  the  microcirculation 
level  by  raising  the  signal  from  smaller  vessels.67,68 
Specialized  contrast-specific  US  techniques  have 
been  developed  for  improving  image  qualities, 
such  as  pulse  inversion69,70  and  power 
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modulation.71  Given  the  fundamental  assumption 
that  the  relation  between  microbubble-concentra- 
tion  video  intensity  is  linear  up  to  the  achievement 
of  a  plateau  phase,72  in  animal  models  contrast- 
enhanced  US  can  quantify  tumor  vascularity  deter¬ 
mined  by  neoangiogenesis.73’74  The  use  of  US 
contrast  agents  and  nonlinear  processing  provide 
access  to  the  bulk  properties  of  the  microvascular 
compartment  but  they  do  not  offer  sufficient  resolu¬ 
tion  to  observe  the  morphology  and  detailed  flow 
characteristics  of  the  microvasculature.  With 
high-frequency  US,  it  is  possible  to  achieve  resolu¬ 
tion  ranging  from  15  pm  to  100  in  the20-MHzto 
100-MHz  range.45  However,  it  is  subject  to  an 
inherent  trade-off  between  image  resolution  and 
imaging  depth.75  US  (particularly  microbubble 
contrast-enhanced  US)  is  a  valuable  imaging 
modality  to  determine  the  tumor  microvascular- 
blood  volume  and  blood  velocity.76  DCE-US  allows 
repeated  examinations  and  provides  both  morpho¬ 
logic  and  functional  analyses.  US  modes,  based  on 
the  second  harmonic  signal  generated  by  the 
nonlinear  properties  of  contrast  agents,  have 
provided  access  to  tumor  blood  flow  with  the  quan¬ 
tification  of  the  contrast-uptake  kinetics  within 
tumors  after  a  bolus  injection  of  contrast  agent.77 
Several  quantitative  parameters  considered  as 
indicators  of  tumor  flow,  such  as  the  peak  intensity 
ortime-to-peak  intensity,  can  be  extracted  from  the 
time-intensity  curves  of  contrast  uptake.78  Using 
DCE-US,  the  antitumor  efficacy  of  AVE8062, 
a  tumor  vasculature-disruptive  agent,  has  been  as¬ 
sessed  in  melanoma-bearing  nude  mice.79 

Many  other  imaging  modalities  can  also  reveal 
the  functional  properties  of  the  vasculature. 
DCE-CT  is  analogous  to  DCE-MR  imaging.80,81 
To  minimize  the  exposure  to  ionizing  radiation 
and  the  nephrotoxicity  of  CT  contrast  agents, 
DCE-CT  studies  are  typically  quite  brief,  using 
only  a  low  dose  of  contrast  agent.  Optical  imaging 
can  also  be  applied  to  evaluate  important  func¬ 
tional  indexes  of  blood  vessels,  such  as  vascular 
permeability,  vessel  size,  and  blood  flow.82  Multi¬ 
photon  microscopy  in  combination  with  fluores- 
cently  labeled  molecules  can  be  used  to  quantify 
the  permeability  of  individual  tumor  blood  vessels 
noninvasively  deep  inside  living  animals.83  Fluores¬ 
cence-mediated  tomography  has  been  applied  to 
measure  angiogenesis  in  superficial  tissue  by  using 
fluorescent  nanoparticles.84  However,  optical 
imaging  is  still  limited  to  tissue  and  animal  models. 

PET  IMAGING 

So  far,  PET  is  the  most  sensitive  and  specific  tech¬ 
nique  for  imaging  molecular  pathways  in  vivo  in 
humans.85  PET  radiotracers  are  physiologically 


and  pharmacologically  relevant  compounds 
labeled  with  positron-emitting  radioisotopes 
(such  as  fluoride-18  or  carbon-1 1).  After  internali¬ 
zation  by  injection  or  inhalation,  the  tracer  reaches 
the  target  and  the  location  and  the  quantity  is  then 
detected  with  a  PET  scanner.  With  a  ring-shaped 
array  of  photoelectric  crystals,  PET  detectors 
capture  “coincidentally”  a  pair  of  51 1  keV  photons 
at  almost  1 80°  separation  emitted  by  interaction  of 
a  positron  with  negatively  charged  electrons.  The 
raw  PET-scan  data  are  the  set  of  coincidental 
photoelectric  events,  logged  for  time  and  location, 
which  indicate  the  position  of  the  molecule  spatio- 
temporally.  Using  reconstruction  algorithms, 
images  can  then  be  constructed  tomographically 
and  regional  time  activities  can  be  derived.86 

The  inherent  sensitivity  and  specificity  of  PET  is 
the  major  strength  of  this  technique.  Isotopes  can 
be  detected  down  to  the  1 00-picomolar  level  in  the 
target  tissues.  At  this  low  level,  the  compounds 
often  have  little  or  no  physiologic  effect  on  the 
patient  or  the  test  animal,  which  permits  studying 
the  mechanism  of  action  or  biodistribution  inde¬ 
pendent  of  any  physiologic  consequences.87,88 
The  spatial  resolution  of  PET  down  to  the  milli¬ 
meter  level  permits  applications  not  only  to  human 
beings  for  diagnosis  and  drug  development  but 
also  to  animals  for  preclinical  studies.  The  ability 
of  PET  to  translate  studies  from  animals  to  human 
beings  adds  to  its  appeal. 

Compared  with  single-photon  emission 
computed  tomography  (SPECT),  PET  offers 
increased  spatial  information  and  permits  more 
accurate  attenuation  correction.  Many  PET  radio- 
tracers  have  a  short  half-life,  which  allows  for 
repetitive  imaging  over  time.  However,  the 
anatomic  resolution  of  PET  (approximately 
4  mm3-8  mm3  in  clinical  and  1  mm3-2  mm3  in 
small-animal  imaging  systems)  is  noticeably  poor¬ 
er  than  that  achieved  by  CT  or  MR  imaging.89  The 
variable  movement  of  positrons  before  annihila¬ 
tion,  and  the  deviation  of  the  generated  51 1  keV 
photons  from  the  exact  180°  angular  separation, 
can  limit  the  resolution.  To  overcome  this  limita¬ 
tion,  hybrid  systems  such  as  PET-CT  have  been 
introduced.90  The  CT  component  of  the  hybrid 
system  is  used  to  improve  anatomic  definition  of 
the  ROIs  for  analysis  and  to  create  radiation-atten¬ 
uation  maps  to  correct  for  nonuniform  attenua¬ 
tion.91  With  the  development  of  microPET  or 
microPET/CT  scanners  dedicated  to  small-animal 
imaging  studies,  PET  can  provide  a  similar  in  vivo 
imaging  capability  in  mice,  rats,  monkeys,  and 
human  beings,  so  one  can  readily  transfer  knowl¬ 
edge  and  molecular  measurements  between 
species.92,93  Initial  experiments  with  PET/MR 
imaging  prototypes  also  showed  very  promising 
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results,  indicating  its  great  potential  for  clinical  and 
preclinical  imaging.94 

Functional  Imaging  of  Angiogenesis 
with  PET 

A  major  advantage  of  the  nuclear  medicine  tech¬ 
niques  especially  using  PET  tracers  is  that  they 
are  truly  quantitative  and  that  the  tissue  concen¬ 
tration  Ct  can  be  measured  noninvasively.95 
133Xe  has  been  used  to  measure  regional  cerebral 
blood  flow96  and  ^C-microspheres  of  approxi¬ 
mately  lO-pm  diameter  have  been  used  as  the 
gold  standard  for  perfusion  measurements  or  for 
validation  of  new  imaging  methods  for  perfusion 
measurement.97 

Today,  most  PET-perfusion  measurements  are 
performed  using  150-H20,  using  either  static  or 
dynamic  PET  imaging.98  150-H20  satisfies  all  the 
requirements  for  a  perfusion  tracer  in  Fick’s 
model99  (1)  because  it  is  biologically  and  metabol- 
ically  inert,  and  freely  diffusible  into  and  out  of 
tissue  water. 

Ct  =  P  J(Ci  -  Cg)dt  (1) 

Ct  =  tissue  concentration,  mol*mltissue_1;  Q  = 
Influx  concentration,  mol*mlcarrier-1 

Ce  =  eflux  concentration,  mol*mlcarrier-1;  P  = 
Perfusion,  mlcarrier  *  min-1*  ml^siie-1 

Thus,  “tissue  water”  can  be  modeled  as  a  single 
compartment  including  both  tissue  and  its  draining 
fluids  (lymphatics  and  veins).  Two  methods  can  be 
used  for  measuring  perfusion  with  [150]H20,  the 
steady-state  method,  and  the  150-dynamic  water 
method.100,101  The  latter  is  currently  used  most 
often  for  perfusion  studies  because  of  improved 
PET  scanner  technology.  The  tracer  is  adminis¬ 
tered  by  inhalation  or  by  peripheral  venous  bolus 
injection.  Continuous  arterial  data  are  obtained 
either  by  image-based  arterial  input  functions  (a 
large  vessel  like  the  aorta  or  the  left  ventricle)  or 
by  peripheral  sampling  to  a  well-counter  device. 
The  data  are  compatible  with  those  from  diseases 
investigated  with  other  methods,  and  the  values 
reported  by  PET  for  tumors  are  within  the  reported 
range  for  PET  in  other  tissues.102,103  In  locally 
advanced  breast  cancer,  first  results  with  dynamic 
150-H20  PET  are  promising,  as  tumor  blood  flow 
decreased  in  the  responder  group  after  chemo¬ 
therapy,  whereas  it  increased  in  the  nonresponder 
group.104 

PET  imaging  can  also  be  used  to  derive  data  on 
blood  volume  and  vascular  permeability.  Blood 
volume  imaging  with  PET  uses  150-C0  or 
11C-CO  carbon  monoxide.  150-C0  binds  irrevers¬ 
ibly  with  hemoglobin  to  form  150-C0-Hb 


carboxyhemoglobin.86  Because  150-C0-Hb 
remains  exclusively  within  the  vasculature,  it  can 
be  used  as  a  tracer  of  vascular  volume.  A  tissue 
concentration  dataset  is  obtained  over  a  further  5 
to  6  minutes  and  an  arterial  150-C0-Hb  concentra¬ 
tion  curve  is  derived  from  a  series  of  arterial  blood 
samples  over  the  same  interval.  Another  method 
for  blood  volume  imaging  is  labeling  red  blood 
cells  or  albumin  with  radionuclides,  because  both 
are  too  large  to  leave  normal  blood  vessels  and 
are  retained  in  the  blood  pool.  In  tumor  vessels, 
leakage  of  these  contrast  agents  into  the  tumor 
will  occur,  but  this  effect  can  be  used  to  calculate 
the  tumor  vessel  permeability  when  dynamic 
imaging  is  performed.  For  PET,  the  tracer  68Ga- 
DOTA-albumin  has  been  developed  and  showed 
favorable  results  in  first  animal  studies.105 

Imaging  of  Molecular  Markers  of  Vasculature 

Even  though  structural  and  functional  imaging  of 
the  vasculature  can  reveal  potentially  useful  infor¬ 
mation  before,  during,  and  after  therapeutic  inter¬ 
vention,  they  do  not  convey  enough  knowledge 
about  the  biologic  changes  upon  therapy  at  the 
molecular  level,  which  may  occur  long  before 
any  structural  or  functional  changes  can  be  de¬ 
tected.  While  techniques  such  as  DCE-MR 
imaging  and  150-H20  PET  for  the  assessment  of 
hemodynamic  parameters  are  widely  used,  the 
interpretation  of  the  results  with  regard  to  their 
physiologic  meaning  often  remains  difficult. 
Therefore,  more  specific  markers  of  angiogenic 
activity  are  necessary  for  pretherapeutic  assess¬ 
ment  of  angiogenesis  and  response  evaluation 
during  therapy.  One  approach  is  to  identify  molec¬ 
ular  markers  of  angiogenesis— such  as  receptors, 
enzymes,  or  extracellular  matrix  proteins— and  to 
use  specific  ligands  to  these  targets  conjugated 
with  imaging  probes  for  PET,  SPECT,  MR 
imaging,  optical  imaging,  or  US.1 06-1 08  Several 
molecular  imaging  makers  including  integrins, 
VEGF/VEGFR,  MMPs,  and  Hypoxia/HIFI  are 
angiogenesis-related  and  PET  imaging  targeting 
to  these  markers  is  discussed  in  the  following 
sections. 

PET  imaging  of  integrins 
Integrins,  a  family  of  cell-adhesion  molecules,  are 
involved  in  a  wide  range  of  cell-extracellular  matrix 
and  cell-cell  interactions.28,1 09  Integrins  are  hetero- 
dimeric  transmembrane  glycoproteins  consisting 
of  different  a-  and  /5-subunits,  which  play  an  impor¬ 
tant  role  in  cell-cell-  and  cell-matrix-interactions.1 1 0 
In  mammals,  18-a  and  8-j3  subunits  assemble  into 
at  least  24  different  receptors.111  Integrins  ex¬ 
pressed  on  endothelial  cells  modulate  cell  migra¬ 
tion  and  survival  during  angiogenesis,  while 
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integrins  expressed  on  carcinoma  cells  potentiate 
metastasis  by  facilitating  invasion  and  movement 
across  the  blood  vessels.  The  avp3  integrin,  which 
binds  to  Arginine-Glycine-Aspartic  acid  (RGD)- 
containing  components  of  the  interstitial  matrix, 
such  as  vitronectin,  fibronectin,  and  thrombospon¬ 
din,112,113  is  expressed  in  a  number  of  tumor  types, 
such  as  melanoma,  late-stage  glioblastoma, 
ovarian,  breast,  and  prostate  cancer.114-116  The 
critical  role  of  integrin  avp3  in  tumor  invasion  and 
metastasis  arises  from  its  ability  to  recruit  and  acti¬ 
vate  MMP-2  and  plasmin,  which  can  degrade 
components  of  the  basement  membrane  and  inter¬ 
stitial  matrix.117  Among  all  24  integrins  discovered 
to  date,  integrin  avp3  is  the  most  intensively  studied, 
though  many  other  integrins,  such  as  avpi,  avp5, 
a5P-i,  and  a4P-i  also  play  important  roles  in  regu¬ 
lating  angiogenesis.29,118-121 

Several  extracellular  matrix  proteins  like  vitronec¬ 
tin,  fibrinogen,  and  fibronectin  interact  via  the  RGD 
tripeptide  sequence  with  the  integrins.113  Based 
on  these  findings,  linear  as  well  as  cyclic  RGD 
peptides  have  been  introduced  and  showed  high 
affinity  and  selectivity  for  avp3.122,123  The  first  in 
vivo  application  of  radioiodinated  RGD  peptides  re¬ 
vealed  the  receptor-specific  tumor  uptake  but  also 
predominantly  hepatobiliary  elimination,  resulting 
in  high  activity  concentration  in  the  liver  and 
small  intestine.124  Consequently,  several  strategies 
to  improve  the  pharmacokinetics  of  radio- 
halogenated  peptides  have  been  studied,  including 
conjugation  with  sugar  moieties,  hydrophilic  amino 
acids  and  polyethyleneglycol  (PEG).125-128  Besides 
radiohalogenated  RGD  peptides,  a  variety  of  radio- 
metalated  tracers  have  been  developed  as  well, 
including  peptides  labeled  with  1 1 1 1n,  "mTc,  64Cu, 
90 Y,  188Re,  and  68Ga.129-132  Most  of  them  are  based 
on  the  cyclic  pentapeptide  and  are  conjugated  via 
the  y-amino  function  of  a  lysine  with  different 
chelator  systems,  like  DTPA,  the  tetrapeptide 
sequence  H-Asp-Lys-Cys-Lys-OH,  1,  4,  7,  10- 
tetraazacyclododecane-N-N"-N,,-N -tetraacetic 
acid  (DOTA),  and  1 ,4,7-triazacyclononane-1 ,4,7- 
triacetic  acid.  While  all  these  compounds  have 
shown  high  receptor  affinity  and  selectivity  and 
specific  tumor  accumulation,  the  pharmacoki¬ 
netics  of  most  of  them  still  have  to  be 
improved.133  Among  them,  the  compound 
99mTc-NC1 00692  by  GE  Healthcare  has  been 
used  for  SPECT  imaging  in  preclinical  and  clin¬ 
ical  studies.134 

In  a  human  melanoma  M21  model,  18F-Galacto- 
RGD  showed  a  tumor  uptake  of  1.5%ID/g  at  120 
minutes  after  injection.135,136  Integrin  receptor- 
specific  accumulation  was  demonstrated  by 
blocking  experiments  injecting  c(RGDfV)  10 
minutes  before  tracer  injection,  which  reduced 


tumor  accumulation  to  approximately  35%  of 
control.  A  correlation  between  integrin  expression 
and  tracer  accumulation  was  observed  in  imaging 
studies  with  mice  bearing  melanoma  tumors  with 
increasing  amounts  of  avp3-positive  cells.137 
These  data  demonstrate  that  noninvasive  determi¬ 
nation  of  avp3  expression  and  quantification  with 
radiolabeled  RGD  peptides  is  feasible  with  PET 
scans.  18F-Galacto-RGD  has  also  been  applied 
to  patients  and  successfully  imaged  avp3 
expression  in  human  tumors  with  good  tumor- 
background  ratios.138  Rapid  clearance  of  18F-Gal- 
acto-RGD  from  the  blood  pool  and  primarily  renal 
excretion  was  confirmed  by  following  biodistribu¬ 
tion  and  dosimetry  studies.  Background  activity 
in  lung  and  muscle  tissue  was  low  and  the  calcu¬ 
lated  effective  dose  is  very  similar  to  an  18F-FDG 
scan  (Fig.  I).138  Results  from  dynamic  emission 
scans  over  60  minutes  and  kinetic  modeling 
studies  suggested  that  standardized  uptake 
values  (SUVs)  derived  from  static  emission  scans 
at  approximately  60  minutes  after  injection  can 
be  used  for  the  assessment  of  avp3  receptor 
density  with  reasonable  accuracy.139  SUVs  and 
tumor-blood  ratios  based  on  PET  imaging  using 
18F-Galacto-RGD  were  also  found  to  correlate 
with  the  intensity  of  immunohistochemical  staining 
of  avp3  expression,  as  well  as  with  the  microvessel 
density.140  Good  tumor-background  ratios  with 
18F-Galacto-RGD  PET  also  have  been  demon¬ 
strated  in  squamous  cell  carcinoma  of  the  head 
and  neck  with  a  widely  varying  intensity  of  tracer 
uptake.  Immunohistochemistry  demonstrated 
predominantly  vascular  avp3  expression,  thus  in 
squamous  cell  carcinoma  of  the  head  and  neck, 
18F-Galacto-RGD  PET  might  be  used  as  a  surro¬ 
gate  parameter  of  angiogenesis.141  Moreover, 
there  was  no  obvious  correlation  between  the 
tracer  uptake  of  18F-FDG  and  18F-Galacto-RGD 
in  patients  with  various  tumors,  indicating  that 
avp3  expression  and  glucose  metabolism  are  not 
closely  correlated  in  tumor  lesions  and  that  conse¬ 
quently  18F-FDG  cannot  provide  similar  informa¬ 
tion  as  18F-Galacto-RGD.142 

Within  physiologic  18F-Galacto-RGD  uptake 
areas,  such  as  liver,  spleen,  and  intestine,  lesion 
identification  is  still  problematic.  Therefore,  multi¬ 
meric  RGD  peptides  have  been  developed  to 
provide  more  effective  antagonists  with  better  tar¬ 
geting  capability  and  higher  cellular  uptake 
through  the  integrin-dependent  binding.143  The 
underlying  rationale  is  that  the  interaction  between 
integrin  avp3  and  RGD-containing  extracellular 
matrix-proteins  involves  multivalent  binding  sites 
with  clustering  of  integrins.  A  series  of  multimeric 
RGD  peptides  labeled  with  18F  or  64Cu  for  PET 
imaging  to  improve  the  tumor-targeting 
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Fig- 1-  18F  -Galacto-RGD  scans  of  two  patients  with  metastases  from  malignant  melanoma  and  different  tracer 
uptake.  ( Upper  row)  An  89-year-old  female  patient  with  metastasis  in  subcutaneous  fat  in  gluteal  area  on  left 
side  (arrow  with  dotted  line).  Tumor  can  be  clearly  delineated  in  CT  scan  (A),  whereas  it  shows  no  significant 
uptake  in  18F-Galacto-RGD  PET  scan  (6)  (60  minutes  after  injection).  (Lower  row)  A  36-year-old  female  patient 
with  lymph  node  metastasis  in  right  groin  (arrow).  Again,  tumor  is  clearly  visualized  in  CT  scan  (0  but  also  shows 
intense  tracer  uptake  in  18F-Galacto-RGD  PET  scan  (D)  (89  minutes  after  injection;  SUV,  6.8).  (From  Beer  AJ, 
Flaubner  R,  Goebel  M,  et  al.  Biodistribution  and  pharmacokinetics  of  the  avp3-selective  tracer  18F-galacto- 
RGD  in  cancer  patients.  J  Nucl  Med  2005;46(8):1340;  with  permission.) 


efficacy  and  pharmacokinetics  have  been  re¬ 
ported.130-144-148  18F-FB-E[c(RGDyK)]2  (abbrevi¬ 
ated  as  18F-FRGD2)  showed  predominantly  renal 
excretion  and  almost  twice  as  much  tumor  uptake 
in  the  same  animal  model  when  compared  with  the 
monomeric  tracer  18F-FB-c(RGDyK). 144,145  Tumor 
uptakes  quantified  by  microPET  scans  in  six  tumor 
xenograft  models  correlated  well  with  integrin  av(33 
expression  level  measured  by  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis  autora¬ 
diography.  The  tetrameric  RGD  peptide-based 
tracer,  18F-E[E[c(RGDfK)]2]2,  showed  significantly 
higher  receptor  binding  affinity  than  the  corre¬ 
sponding  monomeric  and  dimeric  RGD  analogs 
and  demonstrated  rapid  blood  clearance,  high 
metabolic  stability,  predominant  renal  excretion, 
and  significant  receptor-mediated  tumor  uptake 
with  good  contrast  in  xenograft-bearing  mice 
(Fig.  2). 148  Therefore,  18F-E[E[c(RGDfK)]2]2  is 
a  promising  agent  for  peptide  receptor  radionu¬ 
clide  imaging  as  well  as  targeted  internal  radio¬ 
therapy  of  integrin  av|33-positive  tumors. 
Compared  with  tetramer,  RGD  octamer  further 
increased  the  integrin  avidity  by  another  threefold. 


In  vivo  microPET  imaging  showed  that  64Cu- 
DOTA-RGD  octamer  had  slightly  higher  initial 
tumor  uptake  and  much  longer  tumor  retention  in 
U87MG  tumor  that  express  high  levels  of  integ¬ 
rin.149  However,  compared  with  tetramers,  higher 
renal  uptake  of  the  octamer  was  observed,  which 
was  attributed  mainly  to  the  integrin  positivity  of 
the  kidneys.  Wester  and  Kessler  groups  have 
also  synthesized  a  series  of  monomeric,  dimeric, 
tetrameric,  and  octameric  RGD  peptides.  These 
compounds  contain  different  numbers  of  c(RGDfE) 
peptides  connected  via  PEG  linker  and  lysine 
moieties,  which  are  used  as  branching  units.150'151 

Besides  RGD  peptides,  in  vivo  imaging  using 
etaracizumab,  a  humanized  monoclonal  antibody 
against  human  integrin  avp3,  has  been  performed 
after  DOTA  conjugation  and  64Cu  labeling.  Micro¬ 
PET  studies  revealed  that  64Cu-DOTA-etaracizu- 
mab  had  a  high  tumor-activity  accumulation  up 
to  49.41%  plus  or  minus  4.54%  injected  dose 
per  gram  at  71  hours  after  injection  for  U87MG 
tumors.152  Not  only  in  malignant  diseases:  the 
integrin  expression  after  myocardial  infarction 
has  also  been  monitored  with  18F-Galacto-RGD 
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Fig.  2.  (A)  Decay-corrected  whole-body  coronal  microPET  images  of  athymic  female  nude  mice  bearing  U87MG 
tumor  at  5,  15,  30,  60,  120,  and  180  minutes  after  injection  of  18F-FPRGD4  [3.7  MBq  (100  jLxCi)].  ( B )  Decay-corrected 
whole-body  coronal  microPET  images  of  c-neu  oncomice  at  30,  60,  and  150  minutes  (5-minute  static  image)  after 
intravenous  injection  of  18F-FPRGD4.  (C)  Decay-corrected  whole-body  coronal  microPET  images  of  orthotopic 
M DA- MB -43 5  tumor-bearing  mouse  at  30,  60,  and  150  minutes  after  intravenous  injection  of  18F-FPRGD4.  (D) 
Decay-corrected  whole-body  coronal  microPET  images  of  DU-145  tumor-bearing  mouse  (5-minute  static  image) 
after  intravenous  injection  of  18F-FPRGD4.  (£)  Coronal  microPET  images  of  a  U87MG  tumor-bearing  mouse  at  30 
and  60  minutes  after  coinjection  of  18F-FPRGD4  and  a  blocking  dose  of  c(RGDyK).  Arrows  indicate  tumors  in  all  cases. 
( From  Wu  Z,  Li  ZB,  Chen  K,  et  al.  MicroPET  of  tumor  integrin  avp3  expression  using  18F-labeled  PEGylated  tetrameric 
RGD  peptide  (18F-FPRGD4).  J  Nucl  Med  2007;48(9):1 540;  with  permission.) 
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in  a  Wister  rat  model.  PET  imaging  and  autoradi¬ 
ography  revealed  focal  accumulation  in  the  infarct 
area  started  at  day  3,  peaked  between  1  and 
3  weeks,  and  decreased  to  day  3  level  at  6  months 
after  reperfusion.  The  time  course  of  focal  tracer 
uptake  paralleled  vascular  density  as  measured 
by  CD31  immunohistochemical  analysis,  indi¬ 
cating  that  18F-Galacto-RGD  is  promising  for  the 
monitoring  of  myocardial  repair  processes.153 
The  results  from  this  study  encourage  the  applica¬ 
tion  of  RGD-PET  imaging  to  monitor  the  angiogen¬ 
esis  in  other  noncancer  diseases. 

PET  imaging  of  VEGF  and  its  receptors 

VEGF,  a  potent  mitogen  in  embryonic  and  somatic 
angiogenesis,  plays  a  pivotal  role  in  both  normal 
vascular  tissue  development  and  many  disease 
processes.154,155  The  VEGF  family  is  composed 
of  seven  members  with  a  common  VEGF 
homology  domain:  VEGF-A,  -B,  -C,  -D,  -E,  -F, 
and  placenta  growth  factor.5  VEGF-A  is  a  dimeric, 
disulfide-bound  glycoprotein  existing  in  at  least 
seven  homodimeric  isoforms,  consisting  of  121, 
145,  148,  165,  183,  189,  or  206  amino  acids. 
Besides  the  difference  in  molecular  weight,  these 
isoforms  also  differ  in  their  biologic  properties 
such  as  the  ability  to  bind  to  cell-surface 
heparin-sulfate  proteoglycans.5 

The  angiogenic  actions  of  VEGF  are  mainly 
mediated  via  two  endothelium-specific  receptor 
tyrosine  kinases,  Flt-1  (VEGFR-1)  and  Flk-1/KDR 
(VEGFR-2).156  Both  VEGFRs  are  largely  restricted 
to  vascular  endothelial  cells  and  all  VEGF-A  iso¬ 
forms  bind  to  both  VEGFR-1  and  VEGFR-2.  It  is 
now  generally  accepted  that  VEGFR-1  is  critical 
for  physiologic  and  developmental  angiogenesis 
and  its  function  varies  with  the  stages  of  develop¬ 
ment,  the  states  of  physiologic  and  pathologic 
conditions,  and  the  cell  types  in  which  it  is 
expressed.5,155  VEGFR-2  is  the  major  mediator 
of  the  mitogenic,  angiogenic,  and  permeability¬ 
enhancing  effects  of  VEGF.  Over-expression  of 
VEGF  and  VEGFRs  has  been  implicated  as  poor 
prognostic  markers  in  various  clinical  studies.5 
Agents  that  prevent  VEGF-A  binding  to  its  recep¬ 
tors,157  antibodies  that  directly  block  VEGFR- 
2i58,i59  anc|  sma||  molecules  that  inhibit  the  kinase 
activity  of  VEGFR-2  and  thereby  block  growth 
factor  signaling,65,160,161  are  all  currently  under 
active  development.  The  critical  role  of  VEGF-A 
in  cancer  progression  has  been  highlighted  by 
the  approval  of  the  humanized  anti-VEGF  mono¬ 
clonal  antibody  bevacizumab  for  first-line  cancer 
treatment.162  Development  of  VEGF-  or  VEGFR- 
targeted  molecular  imaging  probes  could  serve 
as  a  new  paradigm  for  the  assessment  of  anti- 
angiogenic  therapeutics  and  for  better 


understanding  the  role  and  expression  profile  of 
VEGFA/EGFR  in  many  angiogenesis-related 
diseases.  VEGFA/EGFR  has  been  imaged  by 
various  imaging  modalities,  though  PET  is  the 
dominant  technique  for  direct  VEGF/VEGFR 
imaging.163  In  the  clinical  setting,  the  right  timing 
can  be  critical  for  VEGFR-targeted  cancer  therapy 
and  noninvasive  imaging  of  VEGF/VEGFR  can  help 
in  determining  whether  to  start  and  when  to  start 
VEGFR-targeted  treatment.  With  the  development 
of  new  tracers  with  better  targeting  efficacy  and 
desirable  pharmacokinetics,  clinical  translation 
will  be  critical  for  the  maximum  benefit  of  VEGF- 
based  imaging  agents. 

VEGF  imaging  has  been  investigated,  especially 
with  radiolabeled-specific  antibodies.164  VG76e, 
an  IgGI  monoclonal  antibody  that  binds  to  human 
VEGF,  was  labeled  with  124l  for  PET  imaging  of  solid 
tumor  xenografts  in  immune-deficient  mice.165 
Whole-animal  PET  imaging  studies  revealed 
a  high  tumor-to-background  contrast.  Although 
VEGF  specificity  in  vivo  was  demonstrated  in  this 
report,  the  poor  immunoreactivity  (<  35%)  of  the  ra¬ 
diolabeled  antibody  limits  the  potential  use  of  this 
tracer.  HuMV833,  the  humanized  version  of 
a  mouse  monoclonal  anti-VEGF  antibody  MV833, 
was  also  labeled  with  124l  and  the  distribution  and 
biologic  effects  of  HuMV833  in  patients  in  a  phase 
I  clinical  trial  were  investigated.166  Patients  with 
progressive  solid  tumors  were  treated  with  various 
doses  of  HuMV833,  and  PET  imaging  using  124l- 
HuMV833  was  performed  to  measure  the  antibody 
distribution  in  and  clearance  from  tissues.  It  was 
found  that  antibody  distribution  and  clearance 
were  quite  heterogeneous  not  only  between  and 
within  patients  but  also  between  and  within  indi¬ 
vidual  tumors.  Bevacizumab,  a  humanized  mono¬ 
clonal  antibody  against  VEGF,  has  been  labeled 
with  111  In  to  image  VEGF-A  expression  in  nude 
mice  models  or  patients  with  colorectal  liver  metas- 
tases.1 67  Although  enhanced  uptake  of 1 1 1 1n-beva- 
cizumab  in  the  liver  metastases  was  observed  in  9 
of  the  1 2  patients,  there  was  no  correlation  between 
the  level  of  111ln-antibody  accumulation  and  the 
level  of  VEGF-A  expression  in  the  tissue,  as  deter¬ 
mined  by  in  situ  hybridization  and  ELISA.167 

Bevacizumab  has  also  been  labeled  with  the 
PET  isotope  89Zr  for  noninvasive  in  vivo  VEGF 
visualization  and  quantification.  On  small-animal 
PET  images,  radiolabeled  bevacizumab  showed 
higher  uptake  compared  with  radiolabeled  human 
IgG  in  a  human  SKOV-3  ovarian  tumor  xenograft. 
Tracer  uptake  in  other  organs  was  seen  primarily 
in  the  liver  and  spleen  (Fig.  3). 164  A  recent  study 
showed  that  there  was  a  significant  18F-FDG 
kinetics  correlation  between  kl  (the  transport 
coefficient)  and  VEGF-A  mRNA  level  determined 
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Fig.  3.  (A)  Coronal  CT  image  and  fusion  of  microPET  and  CT  images  (168  hours  after  injection)  enables  adequate 
quantitative  measurement  of  89Zr-bevacizumab  in  the  tumor.  (8)  Coronal  planes  of  microPET  images  after  injec¬ 
tion  of  89Zr-bevacizumab.  Arrows  indicate  SKOV-3  tumors.  ( Reproduced  from  Nagengast  WB,  de  Vries  EG,  Hos- 
pers  GA,  et  al.  In  vivo  VEGF  imaging  with  radiolabeled  bevacizumab  in  a  human  ovarian  tumor  xenograft. 
J  Nucl  Med  2007;48(8):  1 316;  with  permission.) 


by  gene  chip  assay  (r  =  0.51),  indicating  the  possi¬ 
bility  to  predict  the  gene  expression  of  VEGF-A 
with  the  regression  functions  from  the  FDG-PET 
parameters.168 

VEGF/VEGFR  interactions  is  one  of  the  most 
extensively  studied  angiogenesis-related  signaling 
pathways.163  The  alternative  to  overcome  the  diffi¬ 
culty  induced  by  the  soluble  and  more  dynamic 
nature  of  VEGF  is  to  image  VEGFRs,  other  indica¬ 
tors  of  angiogenesis  that  have  superior  accessi¬ 
bility.  VEGF  isoforms  exist  in  nature  and  have 
very  strong  binding  affinity  and  specificity  to 
VEGFRs.163,169  Therefore,  a  generic  strategy  is  to 
label  these  VEGF  isoforms  with  radionuclides 
to  image  VEGFR  expression.  VEGF12i  is  a  soluble, 
nonheparin-binding  variant  that  exists  in  solution 
as  a  disulfide-linked  homodimer  containing  the 
full  biologic  and  receptor-binding  activity  of  the 
larger  variants.5  VEGF12i  has  been  labeled  with 
64Cu  (t-i/2  =  12.7  hours)  for  PET  imaging  of  tumor 
angiogenesis  and  VEGFR  expression.170  DOTA- 
VEGF-12-i  exhibited  nanomolar  receptor-binding 


affinity  (comparable  to  VEGF121)  in  vitro.  MicroPET 
imaging  revealed  rapid,  specific,  and  prominent 
uptake  of  64Cu-DOTA-VEGF12i  (10%~15%ID/g) 
in  highly  vascularized  small  U87MG  tumor  (60 
mm3)  with  high  VEGFR-2  expression  but  signifi¬ 
cantly  lower  and  sporadic  uptake  ( ~  3 %  I  D/g)  in 
large  U87MG  tumor  (1,200  mm3)  with  low 
VEGFR-2  expression  (Fig.  4).  Western  blotting  of 
tumor  tissue  lysate,  immunofluorescence  staining, 
and  blocking  studies  with  unlabeled  VEGF121 
confirmed  that  the  tumor  uptake  is  VEGFR- 
specific.  This  was  the  first  report  on  PET  imaging 
of  VEGFR  expression.  This  study  also  demon¬ 
strated  the  dynamic  nature  of  VEGFR  expression 
during  tumor  progression  in  that  even  for  the 
same  tumor  model,  VEGFR  expression  level  can 
be  dramatically  different  at  different  stages. 
Successful  demonstration  of  the  ability  of  64Cu- 
DOTA-VEGF121  to  visualize  VEGFR  expression  in 
vivo  should  allow  for  clinical  translation  of  this 
tracer  to  image  tumor  angiogenesis  and  to  guide 
VEGFR-targeted  cancer  therapy.170 
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Fig. 4.  MicroPET of  64Cu-DOTA-VEGF12i  in  U87MG  tumor-bearing  mice.  (A)  Serial  microPET scans  of  large  and  small 
U87MG  tumor-bearing  mice  injected  intravenously  with  5  MBq  to  10  MBq  of  64Cu-DOTA-VEGF12i.  Mice  injected 
with  64Cu-DOTA-VEGF121  30  minutes  after  injection  of  100  ng  VEGF121  are  also  shown  (denoted  as  "small  tumor  + 
block").  (B)  Two-dimensional  whole-body  projection  of  the  three  mice  shown  in  (A)  at  16  hours  after  injection  of 
64Cu-DOTA-VEGF121.  Tumors  are  indicated  by  arrows.  ( Reproduced  from  Cai  W,  Chen  K,  Mohamedali  KA,  et  al. 
PET  of  vascular  endothelial  growth  factor  receptor  expression.  J  Nucl  Med  2006;47(12):2052;  with  permission.) 
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Further  studies  showed  that  the  uptake  of  64Cu- 
DOTA-VEGF-121  in  the  tumor  peaked  when  the 
tumor  size  was  about  100  mm3  to  250  mm3. 
Both  small  and  large  tumors  had  lower  tracer 
uptake,  indicating  a  narrow  range  of  tumor  size 
with  high  VEGFR-2  expression.171  In  another 
follow-up  study,  a  VEGFR-specific  fusion  toxin 
VEGF-121/rGel  (composed  of  VEGF12i  linked  with 
a  G4S  tether  to  recombinant  plant  toxin  gelonin) 
was  used  to  treat  orthotopic  glioblastoma  in 
a  mouse  model.169  Before  initiation  of  treatment, 
microPET  imaging  with  64Cu-labeled  VEGF-121/ 
rGel  was  performed  to  evaluate  the  tumor  target¬ 
ing  efficacy  and  the  pharmacokinetics.  It  was 
found  that  64Cu-DOTA-VEGF12i/rGel  exhibited 
high  tumor  accumulation  and  retention  and  high 
tumor-to-background  contrast  up  to  48  hours  after 
injection  in  glioblastoma  xenografts.  Based  on  the 
in  vivo  pharmacokinetics  of  64Cu-DOTA-VEGF-|2i/ 
rGel,  VEGFi2i/rGel  was  administered  every  other 
day  for  the  treatment  of  orthotopic  U87MG  glio¬ 
blastomas.  Histologic  analysis  revealed  specific 
tumor  neovasculature  damage  after  treatment 
with  four  doses  of  VEGF12i/rGel.169  64Cu  was 
also  used  to  site-specifically  label  VEGF12i  and  it 
was  found  that  PEGylation  showed  considerably 
prolonged  blood  clearance.  Compared  with 
"mTc_|abeled  analog  where  the  tumor  uptake 
(~2%ID/g)  was  lower  than  most  of  the  normal 
organs  and  the  kidney  uptake  was  about 
120%ID/g,  the  PEGylated  version  gave  higher 
tumor  uptake  (~2.5%ID/g)  and  lower  kidney 
uptake  at  about  65%ID/g.172 

PET  imaging  using  radiolabeled  VEGF  can  also 
play  a  role  in  other  angiogenesis-related  diseases 
besides  cancer.  Myocardial  infarction  can  lead  to 
the  activation  of  many  biologic  pathways, 
including  VEGFA/EGFR  signaling.173,174  Using 
the  previously  validated  PET  tracer  64Cu-DOTA- 
VEGF-121,  the  kinetics  of  VEGFR  expression  was 
imaged  for  the  first  time  in  living  subjects  using 
a  rat  model  of  myocardial  infarction.175  Myocardial 
infarction  was  induced  by  ligation  of  the  left 
anterior  descending  coronary  artery  in  Sprague- 
Dawley  rats  and  confirmed  by  ultrasound.  64Cu- 
DOTA-VEGF12i  PET  scans  were  performed  before 
myocardial  infarction  induction,  and  at  days  3,  10, 
17,  and  24  after  myocardial  infarction  induction. 
Baseline  myocardial  uptake  of  64Cu-DOTA- 
VEGF-121  was  minimal  (0.3  ±  0.1%ID/g).  After 
myocardial  infarction,  64Cu-DOTA-VEGF12i 
myocardial  uptake  significantly  increased  (up  to 
1.0  ±  0.1%ID/g)  and  was  elevated  for  2  weeks, 
after  which  it  returned  to  baseline  levels.  In  a  hin- 
dlimb  ischemia  model,  PET  imaging  showed 
significantly  higher  64Cu-DOTA-VEGF12i  uptake 
in  ischemic  hindlimbs  than  in  nonischemic 


hindlimbs.  Treadmill  exercise  training  was  also 
found  to  increase  64Cu-DOTA-VEGF12i  uptake  in 
ischemic  hindlimbs  compared  with  nonexercised 
hindlimbs.176  With  64Cu-DOTA-VEGF12i  PET 
imaging,  the  authors  have  evaluated  the  VEGFR 
expression  kinetics  noninvasively  in  a  rat  stroke 
model.  The  results  revealed  that  the  tracer  uptake 
in  the  stroke  border  zone  peaked  at  approximately 
10  days  after  surgery,  indicating  neovasculariza¬ 
tion  as  confirmed  by  histology  (VEGFR-2,  BrdU, 
and  lectin  staining).177 

All  VEGF-A  isoforms  bind  to  both  VEGFR-1  and 
VEGFR-2.5  In  the  imaging  studies  reported  to 
date,  specificity  to  either  VEGFR-1  or  VEGFR-2 
has  rarely  been  achieved  as  most  of  the  tracers 
are  based  on  VEGF  isoforms.  Kidneys  have  high 
VEGFR-1  expression  that  can  take  up  VEGF-A 
based  tracer,  which  thus  usually  make  it  the 
dose-limiting  organ.170'178  Alanine-scanning 
mutagenesis  has  been  used  to  identify  a  positively 
charged  surface  in  VEGF165  that  mediates  the 
binding  to  VEGFR-2.179  Arg82,  Lys84,  and  His86, 
located  in  a  hairpin  loop,  were  found  to  be  critical 
for  binding  VEGFR-2,  while  negatively  charged 
residues,  Asp63,  Glu64,  and  Glu67,  were  associated 
with  VEGFR-1  binding.  Mutations  in  the  63  to  67 
region  of  VEGF  exhibited  only  modest  effects  on 
VEGFR-2  binding  but  significant  reduction  in 
affinity  with  VEGFR-1 .  Recently,  the  authors  labo¬ 
ratory  engineered  a  D63AE64AE67A  mutant  of 
VEGF-121  (VEGFdee)  by  recombinant  DNA  tech¬ 
nology  to  develop  a  VEGFR-2-specific  PET  tracer. 
Cell-binding  assay  demonstrated  that  VEGFDEe 
had  about  20-fold  lower  VEGFR-1  binding  affinity 
and  only  slightly  lower  VEGFR-2  binding  affinity 
as  compared  with  VEGF12i-  Both  64Cu-DOTA- 
VEGF12i  and  64Cu-DOTA-VEGFdee  had  rapid 
and  prominent  activity  accumulation  in  VEGFR-2- 
expressing  4T1  tumors.  However,  the  renal  uptake 
of  64Cu-DOTA-VEGFDEe  was  significantly  lower 
than  that  of  64Cu-DOTA-VEGF-|2i  as  rodent 
kidneys  expressed  high  levels  of  VEGFR-1 ,  indi¬ 
cating  that  VEGFdee  is  superior  to  wild-type 
VEGF-121  for  imaging  tumor  angiogenesis.180  The 
DOTA  conjugation  of  VEGF  proteins  in  this  study 
is  random  instead  of  site-specific.  It  will  be  critical 
to  further  develop  more  potent  VEGFR-2  specific 
mutants,  site-specifically  label  VEGF  analog 
proteins  with  various  isotopes  including  64Cu,  to 
improve  angiogenesis  imaging  quality  and  result 
analysis.175 

Imaging  of  matrix  metalloproteinases 
MMPs  are  a  family  of  zinc-  and  calcium-depen- 
dent  endopeptidases  that  are  responsible  for  the 
enzymatic  degradation  of  connective  tissue  und 
thus  facilitate  endothelial  cell  migration  during 
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angiogenesis.181  Additionally,  MMPs  process  and 
release  bioactive  molecules,  such  as  growth 
factors,  proteinase  inhibitors,  cytokines  and  che- 
mokines.182  From  the  more  than  18  members  of 
the  MMP  family,  the  gelatinases  MMP-2  and  -9 
are  most  consistently  detected  in  malignancies.117 
In  the  progression  of  the  atherosclerotic  lesions, 
MMP-3  and  -9  have  been  shown  to  limit  plaque 
growth  and  promote  a  stable  plaque  phenotype, 
and  MMP-12  supports  atherosclerotic  lesion 
expansion  and  destabilization.183  Many  strategies 
have  been  developed  to  image  MMPs  level  for  the 
assessment  of  angiogenesis.184,185 

The  so-called  “smart  probes”  have  been  devel¬ 
oped  to  contain  fluorescent  dyes  and  MMP-cleav- 
able  sequences.186,187  It  has  been  reported 
a  MMP-2-sensitive  probe  was  activated  by 
MMP-2  in  vitro,  producing  up  to  an  850%  increase 
in  near-infrared  fluorescent  signal  intensity,  and 
MMP-2-positive  tumors  were  easily  identified  as 
high-signal-intensity  regions  as  early  as  1  hour 
after  intravenous  injection  of  the  MMP-2  probe.188 

Via  phage  display  techniques,  the  MMP-specific 
decapeptide  H-Cys-Thr-Thr-His-Trp-Gly-Phe- 
Thr-leu-Cys-OH  (CTT)  was  found  and  could  be 
labeled  with  125l  and  99mTc.  However,  this  tracer 
has  unfavorable  characteristics  for  in  vivo  imaging 
because  the  metabolic  stability  of  the  compound 
is  low  and  lipophilicity  is  high.189  Another  group 
labeled  this  peptide  with  111  In  after  conjugating  it 
with  a  highly  hydrophilic  and  negatively  charged 
chelator  DTPA.  A  significant  correlation  was 
observed  between  the  accumulation  in  the  tumor 
as  well  as  tumor-to-blood  ratio  of  111ln-DTPA- 
CTT  and  gelatinase  activity.  Moreover,  111  In- 
DTPA-CTT  showed  low  levels  of  radioactivity  in 
the  liver  and  kidneys.190  CTT  peptide  also  has 
been  labeled  with  64Cu  after  DOTA  conjugation 
for  PET  imaging  of  MMP.  64Cu-DOTA-CTT 
inhibited  hMMP-2  and  mMMP-9  with  similar 
affinity  to  CTT.  MicroPET  imaging  studies  showed 
that  64Cu-DOTA-CTT  was  taken  up  by  MMP-2/9- 
positive  B16F10  murine  melanoma  tumors, 
however,  the  low  affinity  for  MMP-2  and  MMP-9 
and  in  vivo  instability  of  CTT-based  imaging 
probes  need  to  be  overcome  for  further 
applications.191 

Another  approach  is  to  label  small-molecule 
MMP  inhibitors  (MMPIs),  which  are  typically  used 
as  antiangiogenic  drugs.  In  general,  MMPIs 
possess  a  zinc-binding  group  complexing  the 
zinc  ion  of  the  active  site  and  are  classified  into 
several  groups  because  of  their  lead  structures.181 
Different  18F  and  11C  labeled  MMPIs  have  been 
synthesized  and  evaluated  preclinically  with  mixed 
results.192,193  Fluorinated  MMPIs  based  on 
lead  structures  of  the  broad-spectrum  inhibitors 


N-hydroxy-2(R)-[[(4-methoxyphenyl)sulfonyl](ben- 
zyl)-amino]-3-methyl-butanamide  (CGS  25,966) 
and  N-hydroxy-2(R)-[[(4-methoxyphenyl)sulfon- 
yl](3-picolyl)-amino]-3-methyl-butanamide  (CGS 
27,023A)  have  been  synthesized  and  showed 
high  in  vitro  MMP  inhibition  potencies  for  MMP- 
2,  -8,  -9,  and  -13. 194  However,  in  vivo  microPET 
study  with  11C-CGS  25,966  failed  to  demarcate 
MMP-positive  tumors.195  A  1  ^-labeled  MMPI 
(2R)-2-[[4-(6-fluorohex-1-ynyl)phenyl]sulfonylaminoj- 
3-methylbutyric  acid  ^C-methyl  ester  ("C-FMAME), 
has  also  been  synthesized  and  applied  to  two 
animal  models  of  breast  cancer,  MCF-7  xenograft 
transfected  with  interleukin-1  and  MDA-MB-435 
xenograft  in  athymic  mice.  Again,  low  tumor-to- 
blood  and  tumor-to  muscle  ratios  of  these  tracers 
do  not  allow  visualization  of  the  tumors  in  microPET 
studies.192,196  However,  biodistribution  study  with 
18F-labeled  similar  compound,  (2R)-2-[4-(6-18F- 
Fluorohex-1-ynyl)-benzenesulfonylamino]-3-meth- 
ylbutyric  acid  (18F-SAV03),  showed  higher  tumor 
uptake  of  the  tracer  than  normal  organs.193  Other 
MMPIs  have  also  been  synthesized  and  labeled 
with  radionuclides  including  111ln  and  18f.194,197 
Nevertheless,  significant  improvements  in  tumor 
MMP  targeting  and  in  vivo  pharmacokinetics  are 
necessary  before  the  use  of  MMP-radiotracer 
imaging  will  be  translated  into  the  clinic. 


Imaging  of  other  angiogenesis-related  targets 

Fibronectin  is  a  large  glycoprotein,  which  can  be 
found  physiologically  in  plasma  and  tissues. 
However,  the  extra-domain  B  of  fibronectin 
(EDB),  consisting  of  91  amino  acids,  is  not  present 
in  the  fibronectin  molecule  under  normal  condi¬ 
tions,  except  for  the  endometrium  in  the  prolifera¬ 
tive  phase  and  some  vessels  of  the  ovaries.  EDB  is 
interesting  as  a  marker  of  angiogenesis  as  it  is 
expressed  in  a  variety  of  solid  tumors,  as  well  as 
in  ocular  angiogenesis  and  wound  healing.198 
The  human  antibody  fragment  scFv(L19)  has 
been  shown  to  efficiently  localize  on  neovascula¬ 
ture  both  in  animal  models  and  in  cancer  patients. 
In  a  study  with  patients  suffering  from  various  solid 
tumors,  16  of  20  tumor  lesions  could  be  identified 
by  SPECT  using  123l-scFv(L19).  Whether  the 
unidentified  tumors  were  not  detected  because 
they  were  either  in  a  phase  of  slow  growth  with 
low  levels  of  angiogenesis,  or  because  of  the  tech¬ 
nical  limitations  of  SPECT  imaging,  is  not  clear.199 
No  reports  about  PET  tracers  targeting  EDB  are 
available  up  to  now.  Other  angiogenesis-related 
biomarkers,  such  as  angiopoietins/Tie  recep¬ 
tors,200  and  CD276201  are  also  potential  targets 
for  angiogenesis  imaging.  Angiopoietins/Tie 
receptors  are  involved  in  regulation  of  complex 
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interactions  between  endothelium  and 
surrounding  cells.  CD276  has  been  observed  to 
be  over-expressed  in  tumor  versus  normal 
endothelium. 


SUM  MARY  AND  PERSPECTIVE 

Numerous  imaging  techniques  are  available  for 
assessing  tissue  vasculature  on  a  structural, 
functional,  and  molecular  level.  A  wide  variety 
of  targeting  ligands  (small  molecules,  peptides, 
peptidomimetics,  and  antibodies)  have  been 
conjugated  with  various  imaging  labels  for  MR 
imaging,  US,  optical,  SPECT,  PET,  and  multimo¬ 
dality  imaging  of  angiogenesis.  All  these  methods 
have  been  successfully  used  preclinically  and  will 
hopefully  aid  in  antiangiogenic  drug  evaluation  in 
animal  studies.  Because  of  its  high  sensitivity  and 
the  low  amounts  of  tracer  that  have  to  be  used, 
PET  will  probably  be  the  first  to  be  used  on 
a  wide  scale  in  patients  in  the  intermediate 
term.  In  addition,  toxicity  issues  of  PET  tracers 
are  of  less  importance  compared  with  MR 
imaging  or  US  imaging  probes  as  only  pica  molar 
amount  will  be  used  for  imaging  purpose. 
However,  it  is  likely  that  not  one  single  param¬ 
eter,  target  structure,  or  imaging  technique  will 
be  used  for  the  assessment  of  angiogenesis  in 
the  future,  but  rather  a  multimodality,  multiplexing 
imaging  that  will  allow  for  evaluation  of  the  angio¬ 
genic  cascade  in  its  full  complexity  to  acquire 
comprehensive  information.  It  is  predictable  that 
the  new  generation  clinical  PET/CT  and  micro- 
PET/microCT,  as  well  as  PET/MR  imaging  and 
microPET/microMR  imaging  currently  in  active 
development,202-204  will  likely  play  a  major  role 
in  molecular  imaging  of  angiogenesis  for  the 
years  to  come. 

Although  it  is  generally  assumed  that  noninva- 
sive  imaging  results  correlate  with  the  target 
expression  level,  such  assumption  has  not  been 
extensively  validated.  In  most  reports,  two  tumor 
models  are  studied,  where  one  acts  as  a  positive 
control  and  the  other  as  a  negative  control.  Quan¬ 
titative  correlation  between  the  target  expression 
level  in  vivo  and  the  noninvasive  imaging  data  is 
rare.137,145,205’206  Such  correlation  is  critical  for 
future  therapeutic  response  monitoring,  as  it 
would  be  ideal  to  be  able  to  monitor  the  changes 
in  the  target  expression  level  quantitatively,  rather 
than  qualitatively,  in  each  individual  patient.  Lack 
of  accurate  quantification  is  one  of  the  hindrances 
why  only  a  few  radiotracers  including  PET  tracers 
have  been  used  in  human  beings  up  to  now,  and 
their  role  in  assessment  of  anti-  or  proangiogenic 
therapies  is  still  unsettled. 


To  further  improve  imaging  of  the  angiogenesis 
process  at  molecular  level,  it  is  necessary  to  iden¬ 
tify  new  angiogenesis-related  targets  and  corre¬ 
sponding  specific  ligands  and  to  optimize 
currently  available  imaging  probes.  Thorough  and 
full  understanding  of  the  physiologic  and  patho¬ 
logic  changes  during  angiogenesis  will  be  critical 
for  new  target  identification.  Optimization  of 
currently  available  imaging  probes  can  be 
achieved  in  several  ways.  First,  oligomerization 
(homo  or  hetero)  the  targeting  ligand  (typically 
peptide)  can  improve  the  binding  affinity  as  well 
as  tissue  retention,  likely  because  of  the  polyva¬ 
lency  effect.207  Second,  site-specific  labeling 
may  be  advantageous  than  randomly  labeling  on 
lysine  residues  in  terms  of  retaining  the  binding 
affinity  and  functional  activity.175  Third,  incorpora¬ 
tion  of  a  linker  between  the  targeting  ligand  and 
the  label  can  improve  the  pharmacokinetic  proper¬ 
ties.  Glycosylation,  PEGylation,  and  various  other 
linkers  have  been  shown  to  improve  the  imaging 
quality.  Last,  development  of  new  strategies  to 
improve  the  labeling  yield  (most  applicable  to 
18F-based  tracers)  is  critical  for  future  clinical 
studies.  To  foster  the  continued  discovery  and 
development  of  angiogenesis-targeted  imaging 
agents,  cooperative  efforts  are  needed  from 
cellular  and  molecular  biologists  to  identify  and 
validate  novel  imaging  targets,  chemists  and 
radiochemists  to  synthesize  and  characterize  the 
imaging  probes,  and  engineers  and  medical  phys¬ 
icists  and  mathematicians  to  develop  high-sensi¬ 
tivity  and  high-resolution  imaging  devices  and 
hybrid  instruments  and  better  image  reconstruc¬ 
tion  algorithms. 

Noninvasive  imaging  of  angiogenesis  has  clin¬ 
ical  applications  in  many  aspects,  including  lesion 
detection,  patient  stratification,  new  drug  develop¬ 
ment  and  validation,  treatment  monitoring,  and 
dose  optimization.  For  example,  glucosamino 
99mTc-d-c(RGDfK)  gamma-camera  imaging  has 
been  applied  to  monitor  the  therapeutic  efficacy 
of  paclitaxel  in  Lewis  lung  carcinoma  tumor¬ 
bearing  mice  208  With  the  development  of  new 
tracers  with  better  targeting  efficacy  and  desirable 
pharmacokinetics,  clinical  translation  will  be  crit¬ 
ical  for  the  maximum  benefit  of  these  imaging 
probes.  Most  of  the  molecular  imaging  probes 
suffer  from  the  slow  translation  from  bench  to 
bedside.  Multiple  steps  in  preclinical  develop¬ 
ment,  especially  the  investigational  new  drug- 
directed  toxicology,  significantly  slowed  down 
the  process  of  converting  a  newly  developed 
agent  into  a  diagnostic  imaging  probe  for  clinical 
testing.  The  high  specificity  required  for  molecular 
imaging  not  only  leads  to  higher  costs  of  develop¬ 
ment  but  also  smaller  market  potential,  which  may 
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make  them  considered  too  risky  by  investors  for 
commercial  development.  However,  the  situation 
has  gradually  changed  over  the  last  several  years 
thanks  to  the  continued  development  and  wider 
availability  of  scanners  dedicated  to  small-animal 
imaging  studies,  as  well  as  the  exploratory  investi¬ 
gational  new  drug  mechanism  proposed  by  the 
FDA  to  allow  faster  first-in-human  studies.  Now 
the  molecular  imaging  techniques  can  bridge  the 
gap  between  preclinical  and  clinical  research  to 
develop  candidate  drugs  that  have  the  optimal 
target  specificity,  pharmacodynamics,  and  effi¬ 
cacy.  It  is  expected  that  in  the  foreseeable  future, 
anigogenesis  imaging  with  PET  tracers  will  be 
routinely  applied  in  anticancer  clinical  trials,  paving 
the  way  to  personalized  molecular  therapy. 
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